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Abstract
The phonological feature [±nasal] is used to describe sounds that are distinguished based on the relative
state of the velopharyngeal opening, but does not distinguish oropharyngeal differences. The opening of
the velopharyngeal port for [+nasal] vowels couples the oral and nasal cavities, which significantly alters
the acoustic spectrum of nasal vowels. It is therefore difficult to discuss the articulatory processes that
are responsible for acoustic differences compared to oral vowels. Furthermore, many studies now show
that oropharyngeal articulations are not trivial in the differentiation of [±nasal] sounds. Rather, these
oropharyngeal differences systematically enhance or compensate for the acoustic effects of nasal coupling.
Additionally, the phonetic implementation of [–nasal] vowels in oral and nasal contexts is understudied,
but is necessary to understand the relationship between [±nasal] vowel pairs.
In this dissertation, I present the results of an articulatory and acoustic study regarding the phonetic
realizations of oral, nasal, and nasalized vowels in Brazilian Portuguese (BP), including data from thirteen
speakers from southeastern Brazil. BP arguably has [+nasal] vowels (i.e. phonemic nasal vowels), and two
classes of [–nasal] vowels (oral and phonetically nasalized vowels) in its inventory. The systematic compar-
ison of these vowels is made to disambiguate the oropharyngeal mechanisms that differentiate these three
types of vowels. Articulatory data includes real-time magnetic resonance imaging (rt-MRI) data collected
in 1) a single-slice midsagittal orientation, and 2) four simultaneously-acquired slices in coronal, oblique and
axial orientations, through the tongue tip, velopharyngeal opening and tongue dorsum, hyperpharynx, and
hypopharynx, respectively. Acoustic data includes 1) recordings made simultaneously with the MR scans,
and 2) high-fidelity recordings made in a noise-attenuating booth. Comparisons are made between phonemic
oral and nasal vowel congeners, as well as phonetically nasalized vowels, for the vowel categories /a/, /i/,
and /u/.
Results show articulatory differences in the oropharyngeal cavity between oral and nasal vowel congeners,
specifically in the tongue blade and hyperpharyngeal regions. This is especially apparent for the vowel
category /a/. Articulatory differences include a higher tongue blade and a less constricted hyperpharynx
for /ã/, compared to /a/. The acoustic effects of nasalization are argued to be enhanced for /ã/. Based on
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phonetic evidence that this vowel has diverged from its oral counterpart, I agree with alternate transcriptions
of the central low nasal vowel as /5̃/ . For /ũ/, the tongue blade is lower and the hyperpharyngeal region is
more constricted, compared to /u/. This is also argued to enhance the acoustic effects of nasalization. Two
patterns emerged for /i/—for the majority of speakers, the tongue blade was lower and the hyperpharynx
was more constricted for /̃ı/ compared to /i/. For other speakers, the opposite pattern occurs. In addition
to articulatory distinctions made throughout the vowels’ durations, high nasal vowels in BP are undergoing
nasal coda emergence, which is argued to be a strategy to further enhance the oral/nasal vowel distinction.
Results in the acoustic domain largely mirror those in the articulatory results. F1 is much higher for
/a/ compared to /ã/, which is due to oral/nasal coupling as well as relative expansion in the hyperpharynx
and a higher tongue blade position for /ã/. F1 of /ũ/ is higher than that of /u/. This is expected due to
nasal coupling, increased constriction in the hyperpharynx, and lower tongue position. F1 of /i∼ı̃/ shows
more variation, though two patterns emerge—one in which F1 of the nasal vowel is higher than that of
the oral vowel, due to oral/nasal coupling as well as oropharyngeal articulation (tongue blade lowering and
pharyngeal constriction), and one in which F1 of the nasal vowel is lower than that of the oral vowel. This
second pattern is seen in speakers who produce the nasal vowel with a relatively higher tongue blade position
than the oral vowel.
Findings also include articulatory distinctions between phonemic and phonetically nasalized vowels.
Nasalized vowels pattern differently vis-à-vis oral and nasal vowels, depending on vowel category. Nasalized
/a/ shows articulatory and acoustic characteristics intermediate to those of the oral and nasal vowels. Nasal-
ized /i/ is more similar to oral /i/ than nasal /̃ı/ in its articulatory and acoustic characteristics. Nasalized
/u/ is more similar to nasal /ũ/ than oral /u/ in its articulatory and acoustic characteristics. Nasalized
vowels crucially do not manifest nasal coda emergence. This indicates that multiple articulatory strategies
are important in maintaining the nasal/nasalized distinction. The phonetic variability between nasalized
and oral vowels is argued to occur because of underspecification of the nasalized vowels.
Based on the articulatory and acoustic characteristics of these vowels, I argue that nasal vowels in BP are
underlyingly /Ṽ/, rather than /VN/ sequences, the latter distinction being the underlying form of nasalized
vowels. This dissertation lends further evidence to the importance of oropharyngeal shape in the production
of nasal vowels, and more generally, to a holistic study of the vocal tract when analyzing speech sounds. The
articulatory divergence of [+nasal] and [–nasal] vowels has implications in perception, sound change, and
the phonetic implementation of nasality. These findings lend further evidence to the claim that the goal of
speech communication is acoustic, rather than articulatory, in nature.
The findings presented in this dissertation were possible because of recently-developed techniques in rt-
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MRI data acquisition that allow researchers to see and resolve articulatory configurations with the necessary
spatiotemporal resolution. The results of this study further exemplify the complexities of the many-to-one
problem of phonetics, and outline a way to deal with it using high-dimensional imaging data. I present
findings that discuss potential solutions to the drawbacks of using rt-MRI to conduct speech research.
Specifically, I show minimal positional effects on acoustic output between supine and upright positions. I
also show promising results of acoustic denoising algorithms, which can be used to make direct comparisons
between the articulatory data and simultaneously-acquired acoustic recordings.
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1.1 The Ambiguity of the Feature [NASAL]
A complex physiological, acoustic, and perceptual phenomenon, vowel nasalization lies at the heart of a
number of widely-attested diachronic and synchronic phonological processes throughout the world’s lan-
guages (Beddor, 1983; Sampson, 1999). However, relatively little is understood about the mapping between
the oropharyngeal articulatory system and the acoustics of nasal vowels. The production of nasal sounds
occurs when the velopharyngeal port opens due to lowering of the velum, coupling the oral and nasal cavities.
This reduces the overall sound pressure and increases formant bandwidths (Stevens, 2000). These effects are
especially strong on the lower frequencies, specifically on the first formant. This coupling also modulates
lower-order formants with respect to their oral counterparts. Specifically, F1 is expected to lower for low
vowels, and to raise for high vowels (Diehl et al., 1991; Feng and Castelli, 1996; Fujimura and Lindqvist,
1971; Serrurier and Badin, 2008). F2 has been shown to decrease, especially for non-back vowels (Serrurier
and Badin, 2008; Carignan et al., 2013), though this effect is not as widely-attested as F1 modulation. The
acoustic effects of nasalization depend largely on the articulatory degree of nasalization (Diehl et al., 1991),
a phenomenon that is not easily measured with reference to the acoustic signal alone.
Nasalization can be considered both a phonological distinction and a phonetic process. Nasal vowels that
are phonemically distinct from oral vowels are specified with the feature [+nasal]. Vowels that undergo
phonetic nasalization are specified as [–nasal]. While both of these processes are due to oral/nasal coupling,
they serve different functions within a phonological system. Furthermore, the feature [nasal] traditionally
has not been used distinguish systematic oropharyngeal differences between these vowels, but rather is used
to differentiate phonemes based on the assumed state of the velopharyngeal port.
Recent work on phonemic and phonetic nasalization shows that articulatory modulations are made in the
oral and pharyngeal cavities, as well as oral/nasal coupling, in the production of oral/nasal and oral/nasalized
vowel pairs. Specifically, these oropharyngeal articulations serve to enhance or attenuate the acoustic effects
of oral/nasal coupling (see Section 2.1.4). Therefore, it is essential to further unpack the feature [±nasal]
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in order to differentiate the various processes it is used to describe.
1.2 The Relationship Between Speech Articulation and
Acoustics
At a fundamental physiological level, speech is made up of the time-varying configuration of multiple anatom-
ical structures which together circumscribe a volume known as the vocal tract. When excited by one or
more acoustic sources, this shape-shifting volume generates meaningful speech sounds. When the configura-
tion of anatomical structures (articulation) changes even slightly, the resulting volumetric changes generate
potentially different sounds.
A single acoustic signal may be generated by many potential configurations of the vocal tract (the
“many-to-one” problem of phonetics (Maeda, 1990)). Because of this, acoustic information is an ambiguous
reflection of the true configuration of the vocal tract, with some cases, such as nasalization more severely
disrupted by the many-to-one problem than others. The use of advanced imaging technologies allows us
to overcome the problem by observing the physiological inputs associated with particular acoustic outputs
to better understand the mapping between them. This allows us to infer articulatory strategies used by
speakers to maintain phonological categories under a variety of conditions. This kind of information is
of tremendous value to phonetics and phonology, and can shed light on the mechanisms by which sound
categories are maintained or change over time.
Repeated instances of a particular articulation and a consistent (mis-)interpretation of the speaker’s
intent by the listener may lead to the creation of new phonological categories, the merger of pre-existing
categories, or a series of changes within the phonological inventory of a language (Ohala, 1993). While
many such changes are well-studied phenomena in the acoustic and perceptual domains, the underlying
physiological nature of sound change is still little understood. Phonetic approaches to sound change harbor
a bias towards the acoustic character of speech, not only because acoustic energy most directly underlies
the primary information stream in speech perception, but because acoustic data is relatively easy to gather
and more straightforward to analyze, compared to observations of articulation. This dissertation uses high-
resolution, multi-dimensional articulatory data to expand our understanding of the relationship between
articulation and acoustics.
The combination of the many-to-one problem and a listener-based theory of sound change gives rise
to a question regarding the functional goal of speech communication. Some scholars argue that when
listeners process speech, they are perceiving information about the articulatory configuration of the vocal
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tract (Fowler, 1986, 1990; Liberman and Mattingly, 1985). Other researchers believe that speech perception
is acoustically-oriented, and that the articulatory effects are integrated into a single event that is perceived by
the listener (Diehl et al., 1991; Kingston, 1991a; Ohala, 1996). If speech communication were processed based
on articulatory distinctions, then any articulatory variation would be perceived, and potentially mirrored,
by listeners, resulting in potentially many sound changes. On the other hand, if speech communication were
processed based on acoustic distinctions, considerable articulatory variability would be tolerated, so long as
the articulatory variability resulted in a relatively stable acoustic signal.
I aim to provide evidence to support the second view; i.e., that the goal of speech communication is
acoustic perception by the listener, rather than perception of articulatory configuration. I do this by 1)
providing evidence that multiple articulatory gestures are responsible for maximizing the acoustic output of
a phonemic distinction (specifically that of nasal and oral vowel congeners), and 2) showing that there is con-
siderable articulatory variability within a phonemic category, even when coarticulatory changes are factored
in (specifically, the phonetic nasalization of oral vowels). In the second case, a certain amount of acoustic
variation is expected between oral and nasalized vowels due to coarticulation, though the production of these
vowels allows considerable articulatory variation. If the articulatory details are indeed being processed by
speakers, then categorical stability would not be expected within and across phoneme boundaries.
1.3 Brazilian Portuguese
Brazilian Portuguese (henceforth, BP) contains phonemic nasal vowels ([+nasal]) in its vowel inventory.
In addition, BP oral vowels ([–nasal]) undergo phonetic nasalization when adjacent to a nasal segment.
Therefore, BP is the language of choice for this study, as it allows direct comparison within the feature
[±nasal]. Analysis of the complex vowel system in BP will shed light on the articulatory and acoustic
distinctions that are made between phonemic and phonetic nasalization, in comparison with oral vowels.
This also allows crucial information on the articulatory characteristics of phonetically nasalized vowels,
a class whose articulation has not been studied in-depth. The articulatory configuration of of nasalized
vowels holds important clues for how these vowels might evolve into phonemically nasal vowels or resist such
change. These results will allow insight on how speech works and how it shapes synchronic and diachronic





The production of nasal sounds occurs when the velopharyngeal port opens due to lowering of the velum,
coupling the oral and nasal cavities, and allowing air to vibrate in the nasal cavity. This coupling increases the
area of the sound filter, which reduces the overall sound pressure and increases formant bandwidths (Stevens,
2000). These effects are especially strong on the lower frequencies, specifically in the spectral region of F1
(approximately 200 − 800Hz, depending on vowel and speaker). Acoustic effects of vowel nasalization
include centralization of the first formant with respect to oral vowel counterparts, lowering F1 for low vowels
and raising F1 for high vowels (Diehl et al., 1991; Feng and Castelli, 1996; Fujimura and Lindqvist, 1971;
Serrurier and Badin, 2008). Other acoustic characteristics associated with nasal vowels include the emergence
of resonances in frequencies that are considered unexpected (in with respect to their oral counterparts).
These are called nasal formants, as they are considered the resonances of the nasopharyngeal tube. A
study involving sweep-tone measurements showed that nasal vowel formants shift upwards with increased
velopharyngeal opening (Fujimura and Lindqvist, 1971), though F1 lowering occurs for low vowels in the case
when a nasal formant manifests (Diehl et al., 1991). F1 shift can also be accounted for by the appearance of
nasal formants, due to the resonant frequencies of the nasal passage. Another result of oral-nasal coupling
is the presence of anti-resonances, which manifest as sharp decreases in energy relative to an oral vowel
counterpart (Johnson, 2011).
The effects of nasalization on F2 are limited, and not as well understood (Maeda, 1982a), though cen-
tralization on the dimension of the second formant has also been seen with respect to oral counterparts.
F2 has been shown to decrease, especially for non-back vowels (Serrurier and Badin, 2008; Carignan et al.,
2013), though this is possibly a direct effect of velar lowering, as it causes a constriction in the uvular region.
F2 lowering alone can trigger perception of nasality (Delvaux, 2009). The acoustic effects of nasalization
depend largely on the articulatory degree of nasalization (Diehl et al., 1991), a phenomenon that is not eas-
ily measured with reference to the acoustic signal alone. Further discussion on the acoustic and perceptual
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effects of nasalization are found in Sections 2.1.2 and 2.1.3, respectively.
Much of the literature on vowel nasalization compares oral and nasal vowel pairs assuming that the only
physical difference between the two is the positioning of the velum; that is, a nasal vowel can be produced
simply by opening the velopharyngeal port and maintaining the articulatory configuration of the oral vowel.
This includes generative phonological accounts (Narang and Becker, 1971; Jacques, 2014), studies based
on acoustic measurements (Berger, 2007; Feng and Castelli, 1996; Pruthi, 2007; Pruthi et al., 2007), and
modeling (Maeda, 1982b). Recent work has suggested that such an account of nasal vowels is too simple,
and that oral/nasal vowel congeners differ in more than just velopharyngeal port opening. Articulatory
studies have suggested that the position of the tongue, lips, and pharynx, as well as the velum may differ
systematically between oral and nasal vowel congeners (Barlaz et al., 2015a; Brichler-Labaeye, 1970; Bothorel
et al., 1986; Carignan et al., 2011; Carignan, 2014; da Matta Machado, 1993; Engwall et al., 2006; Rong and
Kuehn, 2010; Rong et al., 2016; Shosted et al., 2012, 2015; Zerling, 1984).
2.1.1 The Phonological Status of Nasal Vowels
The phonological status of nasal vowels, including the history of their emergence, has been of interest to
scholars for some time. Furthermore, knowledge of this topic is imperative for understanding and explaining
the phenomenon of nasal versus nasalized vowels, as well as any predictions for the evolution of languages
that currently have nasal vowels in their inventories.
Scholars have long disagreed as to the underlying status of (phonemic) nasal vowels in general, and
those in Romance languages such as BP in particular. The historical development of nasalization may
have begun with a vowel becoming nasalized next to a nasal segment, possibly due to mistiming of the
velic gesture (Sampson, 1999; Shosted, 2003). Following this, the nasal coda was deleted, leaving a nasal
vowel only. While there are many more complicating factors, many of which are language and region-
specific (Sampson, 1999), this is the basic development throughout Romance languages. In Portuguese, this
occurred both word-medially and word finally. For example:
LATIN OLD PORTUGUESE PORTUGUESE
finem /finem/ → fin /f̃ın/ → fim /f̃ı/ ‘end’ (Sampson, 1999:187)
lana /lana/ → lãa /l5̃5/ → lã /l5̃/ ‘wool’ (Sampson, 1999:190)
In the second case, the nasal coda was deleted, and the second vowel was absorbed into the first vowel.
Because there is no vowel length distinction, the vowel is realized as simply a phonemic nasal vowel.
It is also possible that enhancement occurred in the history of languages that presently have phonemic
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nasal vowels, resulting in an articulatory centralization of the vowel space, in order to maximize the acoustic
distinctions between oral and nasal vowel congeners. Due to this articulatory enhancement, high nasal
vowels are transcribed as lower than their oral counterparts, and vice versa. This is why French includes
nasal vowels written orthographically as <i>but transcribed phonemically as /Ẽ/ (Carignan, 2013; Beddor,
1983).
The current status of nasal vowels is also highly debated. Based on examples of borrowing, especially
from French to other languages, Paradis and Prunet (2000) claim that nasal vowels are underlyingly realized
as two segments—an oral vowel followed by a nasal stop. That is, /Ṽ/ >/VN/ when being borrowed into
another language. Many other scholars agree with Paradis and Prunet (2000)—Almeida (1976) claims that
the existence of nasal consonants after nasal vowels (in word medial cases) are “beyond controversy” (p.
351). They can be considered a “prolonged nasal closing phase of the following plosives and are consequently
homorganic with them” (p. 351). In word-final position, nasal vowels can be followed by a nasal coda,
though this is not obligatory. Based on evidence from illiterate speakers of BP, who reduce participial
forms of verbs like /rEz5̃(n)do/ rezando ‘praying’ to [rEz5̃no] rezano, the psychological reality of a nasal
consonant /N/, rather than just a nasal vowel has also been argued (Câmara, 1970, 1977; Lipski, 1973,
1975). Guimarães and Nevins (2013) agree with the underlying /VN/ form for all nasal vowels except /5̃/
based on language games, designed to understand underlying representations of the vowel systems of native
speakers. Lipski (1973) claims that the existence of nasal vowels in the surface pattern [ṼC] was due to the
development of a consonant after a stressed nasal vowel, rather than nasal consonant assimilation. Other
scholars believe /Ṽ/ is the surface form to the vowel, though the underlying form is /VN/ (Mateus and
d’Andrade, 2000). Aerodynamic evidence shows highly similar patterns between phonetic and phonemic
nasal vowels (Desmeules-Trudel, 2015), though there is a large amount of inter-speaker variation in airflow
patterns.
Other authors are more skeptical of the /VN/ opinion. Sampson (1999) claims that nasal phonemes
currently exist without the nasal coda, based on psycholinguistic evidence that BP speakers are unaware of
the N in VN clusters (Sampson, 1999). Finally, when a word ends with a nasal vowel, and another word is
followed by an oral vowel, there is no intervening consonant pronounced—thus bom apetite is pronounced
with just a nasal vowel followed by an oral vowel as [bõ apEtSitSi], with no interceding consonant between
the two words.
A third opinion is that another sound is in existence, or being created, at the end of nasal vowels. BP
nasal vowels can be considered two segments, but rather than having an underlying representation of a vowel
and a nasal consonant (/ṼN/), they can be understood as /Ṽ-glide/. This is because of the observation of
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approximant sounds that occur between nasal vowels at the end of a word and oral vowels at the beginning
of the next word, rather than a nasal (or oral) stop (Parkinson, 1983). It has also been noted that in BP
historical phonology, a word-final nasal stop does not exist anywhere in the derivations between historical
forms of BP, and is therefore improbable (Mateus, 1975; Parkinson, 1983:161). The first explanation of a
glide-like sound at the end of nasal vowels includes its transcription as [g̃] (Nobiling, 1903). It was described
as a velar nasal “without complete oral closure” (Lipski, 1975:72), perhaps transcribed as /î̃/.
Assuming that nasal vowels have gone through a process described in Sampson (1999), in which nasal-
ization spreads from a nasal consonant leftward to an oral vowel and then the consonant being deleted,
another step in the process is possibly occurring. It is possible nasal vowels are involved in a mini-sound
change (Ohala, 1993), in which a nasal coda consonant at the end of nasal vowels is emerging. The place of
articulation of this coda consonant depends on the place of articulation of the following consonant—/ñ/ after
anterior vowels, and /N/ after posterior vowels (Almeida, 1976). Aerodynamic evidence indirectly suggests
the existence of this nasal coda (Shosted, 2003). Recently, more direct methods including electropalatogra-
phy (Shosted, 2011) and magnetic resonance imaging (Barlaz et al., 2015b) have shown the emergence of
these codas. The possible emergence and existence of this coda consonant could have important implica-
tions in understanding the phonological status of nasal vowels and the historical development of Romance
languages, specifically in BP, as these codas could be important for maintaining oral/nasal vowel distinctions.
2.1.2 Phonetic Effects of Nasalization
The description and quantification of nasal vowel acoustics requires significant attention, as the inclusion of
an additional tube makes the acoustic signal considerably more complex (Chen, 1975; Fant, 1960; Feng and
Castelli, 1996; Fujimura and Lindqvist, 1971; Maeda, 1982a,b; Pruthi and Espy-Wilson, 2007; Stevens, 2000).
Once the velum lowers and the oropharyngeal and nasal passages are coupled, the larger surface area of tissue
absorbs and therefore reduces energies. This has the effect of lowering amplitudes and increasing formant
bandwidths, especially in the lower frequencies surrounding the first formant (Stevens, 2000). The effect of
nasalization on F1 can be considered due to the increase in the number of pole-zero pairs with the transfer
functions. Poles represent the complex natural frequencies of the vocal tract (or, the formants). Nasal poles
and zeros are paired and therefore cancel one another out in oral vowels, but once the velopharyngeal port
opens to the nasal cavity, they separate, manifesting in an additional pole-zero pair. This perturbation
increases the overall number of pole-zero pairs in the transfer function (Maeda, 1993; Stevens, 2000). In
this case, the additional poles are considered the natural frequencies of the nasal cavity, and are termed
nasal formants. The additional zeros are energy from the sound wave being absorbed by the nasal cavities
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and sinuses. These are termed anti-resonances, or antiformants, which are frequencies that are sharply
dampened due to the absorption of energy. They show up in the spectra of vowels as dips within the
frequency domain (Johnson, 2011). Antiformants are more robust in nasal consonants (as the oral cavity is
almost or fully obstructed) compared to nasal vowels (for which the oral cavity is relatively open). However,
they are still visible in the spectra of nasal vowels. Because there are already poles and zeroes in the transfer
function based on the oral cavity’s configuration, it is difficult to summarily declare the position of the
nasal antiformants, unless a direct comparison of oral/nasal vowel congeners is made. (This, of course, is
problematic, as it assumes identical oral cavity configurations for the oral/nasal vowel congeners, which is
not always the case, as discussed below.)
The coupled oral and nasal cavities also affect the frequency domains of the lower formants. Fujimura
and Lindqvist (1971) claim that all formants of nasalized vowels “shift monotonically upwards” (p. 552).
When velopharyngeal opening is large enough to create a high-amplitude nasal formant, the formant values
of low vowels decrease (Diehl et al., 1991). The opening of the velopharyngeal port creates resonances in
unexpected frequency ranges (relative to comparable vowels with a closed velopharyngeal port), and shifts
the expected resonances of the oral cavity, due to the overall change in tract configuration. For non-low
vowels, the nasal formant occurs in a frequency range above that of F1, thereby spreading the distribution
of energy upwards. For the low vowels that already exhibit a high F1, the nasal formant occurs below
F1, thereby spreading energy lower than usual. For this reason, nasal vowels are often considered to be
centralized (Beddor, 1993). Serrurier and Badin (2008) also claim that F2 is centralized as an effect of
nasalization (specifically, of velar lowering), based on models of the corner vowels [a, i, u] and their nasal
counterparts. F2 has been shown to lower, especially for non-back vowels, as well (Feng and Castelli, 1996;
Carignan, 2013), possibly due to velar lowering (Shosted et al., 2012).
Much of the literature on vowel nasalization compares oral and nasal vowel pairs assuming that the
only physical difference between the two is the positioning of the velum; that is, a nasal vowel can be
produced simply by opening the velopharyngeal port and maintaining the articulatory configuration of
all other articulations of the oral vowel. Generative accounts of nasalization in Hindi-Urdu (Narang and
Becker, 1971) and Malay (Jacques, 2014) do not give any more specific detail to the nasal “gesture” beyond
velopharyngeal opening. Acoustic modeling of the vocal tract in oral and nasal vowels has also used only the
degree of oral-nasal coupling as a parameter of nasalization. For example, models of English vowel nasality
uses nine acoustic parameters to predict whether the nasal cavity is open, but do not take into account any
other articulatory differences (Pruthi, 2007; Pruthi et al., 2007). A cross-linguistic comparison of nasal vowel
acoustics in three different languages (English, Spanish and Bengali) also fails to account for articulatory
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distinctions in oral-nasal vowel congeners outside of the region of the velum (Berger, 2007). Modeling work
done by Maeda (1982b) includes the effects of the sinuses as well as velar lowering on nasal vowel acoustics;
while this is a more sophisticated model, it does not include distinctions in the oral cavity. Feng and Castelli
(1996) compare the pharyngeal-nasal transfer functions of nasal vowels to their oral counterparts, as well
as to that of the nasal target /N/, though no account of oral cavity distinctions (such as lingual height
or labial aperture) is given. Aerodynamic studies (Cohn, 1990; Shosted, 2006) give an indirect measure of
velopharyngeal opening; however, due to the nature of these studies, claims about specific oral configurations
cannot be made.
Many scholars have worked to develop methods of studying nasalization through acoustic measurements.
Studies of the amplitude of the first formant (A1) have been used to compare oral and nasal vowels. The
difference between the amplitudes of the first formant and the two nasal formants surrounding it (A1− P0
and A1−P1) has been considered as a measure of nasality (Chen, 1997). In these cases, as nasality increases,
the amplitude of F1 should decrease, while the amplitude of the nasal formants increase. Therefore, A1−P0
and A1 − P1 both decrease as nasality increases. Other methods have been used to measure nasality,
including combinations of these methods. An early study uses six measures to model nasality, including
center of gravity below 1000 Hz and a measurement equivalent to A1 − P0 (Glass and Zue, 1985). Berger
(2007) uses five measurements in a model to determine nasality in three languages - English, Spanish, and
Bengali, though this work was unable to effectively reduce variability between speakers in order to determine
which method was most effective at modeling nasality. Pruthi and Espy-Wilson (2007) use nine measures to
detect nasalization in three databases, with success ranging from 69% to 96% accuracy. Styler (2017) shows
that A1 − P0, F1 bandwidth, and spectral tilt are the most robust measures for distinguishing oral/nasal
congeners, specifically in French.
2.1.3 Perceptual Effects of Nasalization
As the spectral profile of vowels change with regards to nasalization, there are differences in perception
of these vowels. Earlier works claim that perception of nasality is determined by the relative intensity of
F1 (Delattre, 1954; Huffman, 1990), where lowering the amplitude of F1 triggered nasal judgments. House
and Stevens (1956) came to a similar conclusion, though they explain that in order to see these effects, lower
vowels required a higher degree of nasal coupling, and therefore F1 dampening, than higher vowels. Maeda
(1982a, 1993) shows an effect of low-frequency flattening on nasal perception, regardless of vowel category.
These claims are based on both F1 and the region between F1 and F2. Increase in amplitude of spectral
region between F1 and F2 has also been shown to be correlated with perception of nasality (Kataoka et al.,
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2001). Conversely, Ito et al. (2001) claim that the shape and profile of the spectrum, rather than just formant
values, are necessary for vowel perception and categorization. While their study focused on oral vowels, the
argument is easily extended to nasal vowels. House and Stevens (1956) found that A1, the amplitude of the
first formant, had to be lowered by an average of 8 dB in order for the vowel to be considered nasal in at least
50% of the judgments. Studies have also focused on the difference in relative amplitude of F1, compared
to oral congeners. Huffman (1990) shows that the difference in amplitude of the first formant and the first
harmonic (A1−H1) affects perception of nasality.
It is important to note that linguistic experience has an essential effect on perception and discrimination of
nasalization. Languages differ in the phonetic effects of nasalization, including magnitude and timing of velar
lowering, in addition to oropharyngeal dynamics (Beddor, 1993; Clumeck, 1976). Multidimensional studies
have shown an effect of perceptual distinction between oral and nasal vowels, even for speakers without a
phonemic distinction in their native languages, specifically English (Wright, 1986) and German (Butcher,
1976). Beddor and Strange (1982) show little difference in American English and Hindi speakers’ crossover
boundaries on [ba—bã] continua. Hawkins and Stevens (1985) also show little difference in identification
crossover points on oral—nasal vowel continua for speakers of English, Gujarati, Hindi and Bengali, though
English does not contain phonemically distinct nasal vowels and the other three languages do.
Beddor (1993) discusses the differences between identification and discrimination of oral and nasal vowels
at length. While identification of nasal vowels, as described above, seems to be independent of a speaker’s
linguistic experience, she claims that the discriminability of oral and nasal vowels is dependent on a speaker’s
native language. Listeners who exhibit a phonemic distinction of oral and nasal vowels exhibit good cross-
categorical discrimination, but poor within-categorical discrimination. Conversely, speakers who do not
exhibit a phonemic distinction (but potentially exhibit an allophonic distinction) show both good cross-
categorical and within-categorical discrimination (Beddor and Strange, 1982; Beddor, 1993; Hawkins and
Stevens, 1985).
The difference in ability to perceive nasal vowel distinctions for speakers can also be explained by other
perceptual correlates. As described above, modulations in F1 are common results of nasalization. However,
F1 can also be modulated by tongue height. Krakow et al. (1988) show that variation in F1 due to nasalization
is similar to acoustic changes due to tongue height variation. Wright (1986) showed that perception of nasal
vowels can be misperceived as differences in vowel height. Beddor and Strange (1982) showed that when
nasalization was modulated only by size of velopharyngeal opening, French speakers patterned similarly
to American English speakers in their perception of the oral-nasal vowel continuum [ba—bã], but when
nasalization was modulated based on lip position, hyoid bone position, and velopharyngeal opening, French
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speakers patterned similarly to Hindi speakers. Beddor (1993) claims the effects on discriminability are linked
to aspects of vowel quality including, but explicitly not limited to, nasality. Hawkins and Stevens (1985)
found that, when the effects of nasalization were perceptually ambiguous along a continuum, listeners tended
to make judgments of nasality based on vowel height. Similarly, Stevens et al. (1987) show that English,
French, and Portuguese speakers used different acoustic criteria in ratings of naturalness of vowel nasalization,
including temporal differences and magnitude of nasalization. These differences are consistent with acoustic
measures of nasalization in their respective languages. Other acoustic effects, such as vowel duration and
context, have been shown to have an effect on perception as well. Longer vowels have been shown to be
perceived more often as nasal (Delattre and Monnot, 1968; Hajek and Maeda, 2000; Krakow et al., 1988),
regardless of listeners’ linguistic background or language context. American English speakers judge nasal
vowels as more nasal when non-nasal or isolated contexts than in [NṼN] contexts (Kawasaki, 1986; Krakow
and Beddor, 1991), potentially due to attribution of the vowel nasalization to the adjacent nasal consonants
rather than to the actual vowel. The effect of (mis-)perception of nasality in different contexts therefore has
the potential for vowel shifts and sound change.
2.1.4 The Many-To-One Problem and Articulatory Enhancement
The motor equivalence problem states that there are multiple ways for humans to create and perform a
movement in order to achieve a single goal. The theory was first developed as a neurological problem (Bern-
stein, 1967), though it has been applied extensively to many fields, including speech production. Maeda
(1990) argues that there are multiple configurations of the vocal tract that can be made to produce the same
phonemic vowel. The large number of degrees of freedom can be constrained by covariation in articulatory
positions (Lindblom, 1990). This idea has been supported by a number of studies that show that speakers
can maintain a desired acoustic output even when there is a change in the articulatory configuration (Abbs
and Gracco, 1984; Löfqvist, 1990). Furthermore, it is possible for speakers to purposefully compensate for a
change in the articulation with another, in order to maintain the saliency of the acoustic signal (Arai, 2004;
Carignan et al., 2011, 2013).
Some of the unique articulatory gestures in the vocal tract have similar acoustic outputs. For example,
as stated above, opening the velopharyngeal port has a lowering effect on F1 for low vowels, though this
effect can also be explained by tongue raising. One can consider these features redundant—that is, multiple
articulations are being made towards a single goal, thus rendering one or more of them unnecessary (Stevens
et al., 1986). Other scholars show that these events can be considered conducive to, if not necessary for,
enhancing the saliency of an acoustic event (Carignan, 2013; Diehl et al., 1991; Kingston and Diehl, 1994;
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Perkell et al., 1997; Stevens and Keyser, 2010). For example, the feature [+round] has an enhancing effect on
lowering F2 on back vowels in American English (Stevens et al., 1986; De Jong, 1995); that is, F2 amplitude
gets raised and is more perceptually salient. Changes in lingual movement and pharyngeal aperture can
affect the formant frequencies of nasal vowels in such as way that enhances the effect of velopharyngeal
opening (Carignan, 2014; Carignan et al., 2015). For the high vowel /i/, nasalization will result in a raised
F1 due to velopharyngeal opening. Lowering the tongue position of [̃ı] will also raise F1—therefore, lowering
the tongue for [̃ı] can be considered an enhancement of the effect of nasalization on F1. Enhancement can
also be considered as a strategy to improve the robustness of an otherwise weak phonological distinction.
For example, the American English words [TIn] thin and [sIn] sin differ by both place of articulation and
the feature [±strident] of the first phone. While the distinction between the place of articulation is
considered the main difference, the [± strident] feature is much more salient in its perception, and works
to create a more perceptible difference between the categories and therefore between the two words (Stevens
et al., 1986; Kenneth N. Stevens, 1989). Conversely, articulatory gestures can be used to compensate for or
attenuate acoustic effects (Maeda, 1990). As stated previously, nasalization has the effect of raising F1 on
/i/ compared to the non-nasal vowel. Raising the tongue position would lower F1 for [̃ı], thus reducing—i.e.,
compensating for—the effects of velopharyngeal opening on F1. The study of compensatory articulation,
in which one motion compensates, or cancels out, another one, is especially prevalent in speech pathology
research (Georgian et al., 1982; Pamplona et al., 1999), particularly in regard to speakers with cleft palate
or other velopharyngeal disorders (Pamplona et al., 2000; Trost, 1981; Rong and Kuehn, 2010, 2012; Rong
et al., 2016).
The effects of phonetic enhancement and attenuation have the potential for different phonological con-
sequences. Specifically, if a language has a phonemic distinction (such as the oral/nasal vowel distinction
in BP), the articulatory enhancement of the acoustic properties of the nasal vowel can help maintain the
phonemic distinction between a nasal and oral vowel pair. Conversely, an articulatory attenuation of a
signal’s properties can potentially lead to the loss of the distinction between phonemes, resulting in a phone-
mic merger. For example, in BP, [i] and [̃ı] are considered separate phonemes. A lowered tongue position
would raise the F1 of [̃ı], thus enhancing the F1 raising of velopharyngeal opening and maintaining the
phonemic distinction. However, a raised tongue position would lower F1, thus counteracting the effect of
velopharyngeal opening and allowing the possibility of a phonemic merger.
Conversely, if a language maintains a feature as a phonetic consequence or an allophonic variation, rather
than a phonemic distinction, one would expect to see different outcomes of enhancement and attenuation.
If two sounds are allophones due to coarticulation or phonetic environment, enhancement of the phonetic
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Split into separate phonemic categories Maintenance of single phonemic category
Table 2.1: Possible effects of articulatory enhancement and attenuation on a system with either a
phonemic or phonetic distinction for a particular sound pair.
feature could lead to a phonemic split, and attenuation would allow for the maintenance of the single
phonemic category. For example, in American English, nasalization is a consequence of coarticulation, and
nasalized vowels are considered allophones, rather than separate phonemes. For the vowel /i/, a lowered
tongue position would result in a raising of F1, which would enhance the effects of nasalization and potentially
result in a phonemic split between [i] and [̃ı]. However, a raised tongue position would lower F1, thus
counteracting the acoustic effects of nasalization and maintaining [̃ı] within the phonemic category of /i/.
A schematization of these effects, based on Carignan (2013), is found in Table 2.1. It is interesting to note
that articulatory attenuation has been seen in American English nasalized vowels (Arai, 2004; Carignan
et al., 2011). It has also been argued that articulatory enhancement has had an effect on the history of
languages, particularly in the development of phonemic nasal vowels (Beddor, 1983; Sampson, 1999). A
more comprehensive discussion of this topic can be found in Section 2.1.1.
As stated previously, there are many possible articulations that can be combined to create a single
acoustic output. This issue is known in phonetics research as the “many-to-one” problem (Fant, 1960;
Maeda, 1990). Nasalization is an archetypal example of this problem, and has been studied in various ways
for a long time. For example, the higher F1 in [̃ı], compared with [i], can come from a number of articulatory
configurations, including velopharyngeal opening as well as tongue lowering and/or pharyngeal constriction.
Phonation has also been found to amplify the acoustic effects of nasalization—nasal vowels in Southern Yi,
Bo, and Luchun Hani utilize breathiness in nasalized vowels, presumably to enhance the acoustic effects of
nasalization (Garellek et al., 2016). Knowing which articulator movement is influencing the acoustic output
is challenging without the use of advanced imaging technologies. Furthermore, these technologies do not
make the task trivial, as each configuration can influence the acoustic signal independently. Some of these
effects can be overlapping, and can be considered as enhancing or attenuating one another.
Previous studies have attempted to measure or estimate velopharyngeal opening (Carignan et al., 2015;
Feng and Castelli, 1996; Rong and Kuehn, 2010). Velopharyngeal aperture is only an estimate of the effects of
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nasalization (due to the shape of the nasal cavity and sinuses (Engwall et al., 2006; Maeda, 1982b). However,
it can be used to disambiguate the effects of nasalization with oral cavity configurations. Knowledge of the
shape of the oral cavity itself can allow us to determine the effects of nasalization, as well as oropharyngeal
articulations on the acoustic signal. A combination of information on velopharyngeal aperture as well as
oropharyngeal shape can give a sophisticated view of the vocal tract, and can lead researchers closer to
determining which articulations are responsible for a certain acoustic output. Furthermore, knowledge of
these articulations can give more information on the effects of enhancement and attenuation, which can have
implications in the structure and stability of phonological inventories.
2.1.5 Phonemic and Phonetic Nasalization
The story of nasal vowels is further complicated when one considers the place of nasal vowels in a derivational
phonology framework. Two types of nasal vowel sounds exist in the literature: phonemic nasal vowels and
phonetically nasalized vowels. Phonemic nasal vowels are considered distinct from oral vowels in the vowel
inventory of a language and can differentiate minimal pairs (words that differ only by one phonological
segment within a language). For example, the French words /pE/ paix ‘peace’ and /pẼ/ pain ‘bread’
nominally differ only in the nasal quality of the vowel. Phonetic nasalization is said to occur when a vowel
adjoins a nasal segment (usually a consonant), and becomes nasalized due to velopharyngeal coarticulation
with that sound. For example, the American English word /ôæn/ ran is produced with a heavily nasalized
vowel as [ræ̃n], though this vowel is not phonemically different than the vowel in /ôæt/ rat. Within generative
phonology (Chomsky and Halle, 1968), nasalized vowels are allophonic surface forms of an underlying oral
vowel. This suggests that the oral vowel ought to be recoverable by simply eliminating the coarticulated
velopharyngeal gesture. Following Stevens (2000) and Cohn (1990), I distinguish the two categories using
the phrases “phonemic nasal’ (or simply “nasal’) and “phonetically nasalized’ (or “nasalized”) vowels.
The World Atlas of Language Structures (WALS) cites the presence of nasal vowels in 64 of its 244
(26.22%) documented languages (Dryer and Haspelmath, 2013), coming from various language families
across the world. Similarly, the UCLA Phonological Segment Inventory Database (UPSID) cites 102 of
its 451 (22.62%) documented languages as having nasal vowels. Both of these resources do not overtly
distinguish whether these nasal vowels are phonemic nasals, or contextually nasalized, though it is assumed
that phonemic nasals are being documented. Therefore, it is difficult to determine the prevalence of languages
that maintain both phonemic and phonetic nasal vowels. The knowledge of the distinction between phonemic
and phonetic nasalization can also give insight on the existence of “light” and “heavy” nasalization in
languages such as Palantla Chinantec, a Chinantecan language of Mexico, (Merrifield, 1968; Blevins, 2004),
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and why this phenomenon is so rare.
Another consideration is the orthographic patterns of phonemic nasal and phonetically nasalized vowels.
Phonemic nasal vowels are written with a nasal consonant in the syllable coda, which is homorganic to
the following stop when written word-medially. Nasalized vowels are written with an intervocalic nasal
consonant (Campos et al., 2012; Wetzels, 1997). For example, /k5̃(m)po/ [k5̃pu] campo ‘field’ has a phonemic
nasal vowel (that may or may not be pronounced with a nasal coda /m/), whereas /kama/ [kama] cama
‘bed’ has a phonetically nasalized vowel. Both are the result of leftward spread, though in the nasal vowel
the production of the N is optional. Wetzels (1997) claims that nasalization in both contexts is the result
of leftward spread, though the production of the nasal coda in phonemic nasal vowels is optional (i.e., the
nasal vowel can be pronounced as either [Ṽ] or [ṼN], with the nasal consonant homorganic to the place of
the following stop consonant). Reider (1981) claims that nasal consonants word-internally are deleted due
to historical reasons—thus campo is pronounced [k5̃pu], due to the deletion of the consonant.
Phonetically nasalized and phonemic nasal vowels both include nasal coupling (though to different de-
grees, as suggested in aerodynamic studies of French (Cohn, 1990)), and are grouped together into the
category of “nasalized” vowels. However, they have different phonological statuses. Phonemic nasal vowels
are perceptually distinct from their oral congeners and are considered a separate phoneme, whereas pho-
netically nasalized vowels are considered to belong to the same phonemic category as their underlying oral
counterparts. Assuming an end goal of maintaining categorical stability, one would expect two different
strategies to be employed in order to produce these two types of sounds. Specifically, articulatory mecha-
nisms that enhance the acoustic effects of nasalization are expected in the case of phonemic nasal vowels,
whereas attenuation of the effects of nasalization would be expected for phonetically nasalized vowels.
If nasal and nasalized vowels were not produced with distinct articulations, it is possible one of the vow-
els to converge to the other, leading to sound change. This possibility can be explained by the hypothesis
regarding nasal vowel emergence in Romance—/VN/ segments became /Ṽ/ due to enhancement of coartic-
ulatory nasalization (Carignan, 2013; Sampson, 1999). Therefore, it would not be unreasonable for a similar
sound change to occur, though it would potentially have a different outcome. If nasalized vowels changed
to become more similar to nasal vowels, a possible conflation of oral/nasal vowel congeners into a single
category could occur, potentially erasing nasal vowels from the phonemic inventory of the language. Artic-
ulatory changes could maintain the oral/nasal vowel distinction, though lower the number of nasal vowels
due to centralization of the F1 and F2 dimensions. Alternatively, in order to maintain the same number of
phonemes in the vowel inventory, it is possible a chain shift could be triggered—articulatory conflation of
different sounds could lead to different strategies being used to maintain categorical distinctions.
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It is well known that speakers can employ certain articulatory strategies in order to compensate for or
amplify the acoustic effect of another articulation (Abbs and Gracco, 1984; Löfqvist, 1990; Carignan et al.,
2011). While velopharyngeal opening changes the acoustics of vowels, thereby distinguishing nasal vowels
from their oral counterparts, the articulatory distinction made between oral and nasal vowels in the rest of the
vocal tract may work to either enhance or attenuate the effects of nasalization. These strategies are employed
to enhance the acoustic distinctions between oral and nasal vowels. For example, lingual shape (Barlaz et al.,
2015a) and pharyngeal constriction (Fu et al., 2015a) have been shown to differ between BP oral and nasal
vowel congeners. These changes and velopharyngeal port opening affect the acoustic output of nasal vowels
in similar ways, thus enhancing the acoustic effects of nasalization. Conversely, articulatory strategies in
the oral cavity, specifically with regard to tongue height positioning, can be used to counteract the acoustic
effect of oral-nasal coupling.
Recent work shows that oropharyngeal articulations are made between oral/nasal vowel pairs, in addition
to oral/nasal coupling. The majority of this work has been done on French. The French vowel /Ẽ/ has been
shown to be produced with a more retracted, and perhaps lower, tongue body than /E/ with cineographic
images (Zerling, 1984) and EMA measurements (Carignan, 2013), suggesting the nasal vowel is realized
as [Ẽffl]. Lingual retraction also occurs for /Ã/ compared to /A/, though findings pertaining to tongue and
jaw height distinctions are not as consistent (Zerling, 1984; Delvaux et al., 2002; Montagu, 2007). Labial
articulation also is seen as distinguishing oral and nasal counterparts. Even for the unrounded vowel pair,
a difference in labial aperture is seen between [Ẽ] and [E] (Bothorel et al., 1986), with greater lip aperture
being seen for the oral vowel than the nasal. With regards to the rounded vowels, [Ã] and [Õ] have been
shown to be more rounded than [A] and [O], respectively (Zerling, 1984; Bothorel et al., 1986; Delvaux et al.,
2002). More recent work shows that pharyngeal distinctions exist in French oral/nasal vowel congeners,
with nasal vowels exhibiting a smaller medio-pharyngeal area than their oral congeners (Carignan et al.,
2015). The authors claim this to be an effect of greater tongue retraction for the nasal vowels. The data
presented from these speakers also show greater lower pharyngeal constriction for [Ẽ] than for [E] (in two of
three speakers), for [A] than for [Ã], and for [o] than for [Õ]. In addition to lingual and pharyngeal differences,
nasal vowels in French display a greater magnitude of breathy voice quality, which covaries with lingual
height and nasalance (Carignan, 2017).
While the majority of work on the oropharyngeal articulation of nasal vowels is on French phonemic
nasal/oral congeners, other languages have been studied as well. BP nasal vowels and their oral counterparts
are well-known to display distinctive oral configurations, as shown with cineographic data (da Matta Machado,
1993), EMA (Shosted et al., 2015), and rt-MRI (Shosted et al., 2015). Specifically, front oral vowels [i] and
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[e] are more fronted than their nasal counterparts [̃ı] and [ẽ], showing similar trends to French. With regard
to the low vowels, [a] is considerably more open than [5̃]. Barlaz et al. (2015a) also shows fronting of the
tongue for [ũ] in comparison to [u]. European Portuguese showed subtle articulatory distinctions for [ã] and
[õ] in comparison to their oral congeners than other oral/nasal vowel pairs (Martins et al., 2012; Teixeira
et al., 2012; Oliveira et al., 2012). Hindi oral and nasal vowels also display distinctions in their articulations,
which manifest in a complex vowel space (Shosted et al., 2012).
Work has also been done regarding the articulation of phonetically nasalized vowels. Garellek et al.
(2016) show that phonetically nasalized vowels in Yi languages display a breathier voice quality compared
to their oral counterparts. Carignan et al. (2011) show that English nasalized vowels undergo compensatory
articulation—that is, motor planning that results in counteracting the acoustic effects of nasalization. Arai
(2004) also uses EMA to compare oral and nasal vowel tongue positioning in English, though his work
uses a limited amount of data at a single time point throughout vowel duration. Velar lowering has been
shown to occur at a fixed rate for phonetic nasalization in Spanish, regardless of speech rate (Solé, 1992,
1995). The study of compensatory articulation is especially relevant in the field of speech pathology, where
compensatory articulation is used as a therapy exercise for patients with cleft palate (Michi et al., 1986),
hypernasality (Rong and Kuehn, 2012; Rong et al., 2016), and other velopharyngeal incompetence (Johns
et al., 2003), in order to reach acoustic targets as closely as possible.
In summary, research on the articulation of nasal vowels implies that the oropharyngeal distinctions
between vowel congeners are not arbitrary. Rather, these articulations are made in such a way that max-
imally distinguishes categories and maintains members within their respective categories through minimal
distinctions between members.
The production of phonemic nasal vowels in a way that maximizes their distinction from their oral vowel
counterparts can be explained by enhancement theory (Stevens and Keyser, 2010), which claims that for every
feature of speech, its production can be made more prominent by other gestures, which amplify the features
of the original articulation. Thus, the inclusion of differing oral articulations increases the saliency of the
acoustic effects of velopharyngeal opening on nasal vowels. For example, lingual and pharyngeal strategies
are used in French oral/nasal vowel congeners to enhance the acoustic distinctions made between oral and
nasal vowels (Carignan, 2014). Similar strategies have been found to enhance the acoustic effects correlated
with nasality in Hindi. While this is not always the case (the centralization of F1 due to nasalization can
also cause a loss of distinctions), recent studies have shown that articulatory distinctions can have the affect
of enhancing distinctions between oral and nasal vowels in a variety of language families.
Conversely, phonetically nasalized vowels can be produced in such a way to minimize the difference
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between them and their oral vowel counterparts. This would lower magnitude of acoustic differences between
nasalized and oral vowels, thus maintaining them within a single category and resisting a phonemic split.
For example, lingual articulations, such as tongue raising for high vowels, have been shown to counteract
the effects on F1 from nasalization in American English nasalized vowels (Rong and Kuehn, 2010; Carignan
et al., 2011), presumably to minimize the distinction between the vowels and therefore resist a phonemic
distinction from being realized.
The Dispersion Theory of contrast (Flemming, 1996, 2004) posits that any phonological constraints
should be imposed on contrasts—therefore maximizing perceptual distinctions between sounds—rather than
on individual sounds. According to this theory, there are three goals of phonological constraints - 1) maximize
distinctiveness of contrasts, 2) minimize articulatory effort, and 3) maximize the number of contrasts (Flem-
ming, 2004:236). In the case of phonemic nasal vowels, articulatory modifications are made in order to
augment acoustic distance from phonemic oral counterparts, thus satisfying the first and third goals of
Dispersion Theory. In the case of phonetically nasalized vowels, velar lowering in the proximity of a nasal
segment is a result of coarticulation and satisfies the second goal of Dispersion Theory. Flemming (2004)
maintains that contextual nasalization is better tolerated in languages that do not contain phonemic nasal
vowels in their inventory. In some languages, such as French (Cohn, 1990), phonetically nasalized vowels
maintain lower amounts of nasalization (as measured by aerodynamic instrumentality) than phonemic nasal
vowels. Therefore, the question of how to maintain the distinctiveness of oral-nasal vowel pairs (goals 1 and
3 of Dispersion Theory) in a language that also maintains phonetic vowel nasalization (goal 2 of Dispersion
Theory) must be addressed.
Nasal versus nasalized vowel acoustics and articulation have been studied cross-linguistically—Solé (1995)
shows a difference between velar movement in nasalized vowels in American English and Spanish. She shows
that velopharyngeal opening occurs in the middle of the vowel sequence’s duration in /tVVn/ syllables in
English, and at the end of the vowel’s duration in Spanish. The effects of nasalization can therefore differ
cross-linguistically, and that differing timing and magnitude of velopharyngeal opening can have an effect
on the perception of nasalized vowels. Berger (2007) used multiple acoustic measures of nasality to compare
nasal, nasalized and oral vowels in American English, Spanish and Bengali. He finds that a combination of
multiple acoustic variables used to analyze nasal vowels (especially A1−H1 and COG(1000)) and a reduction
of dimensionality using principal component analysis, is a good measure of determining different degrees of
nasality. Styler (2017), in a study of acoustic correlates of nasalization in French and English, argues that
A1− P0, F1 bandwidth, and spectral tilt are the measures that most accurately distinguish nasality.
Acoustic differences (Solé, 1992, 1995; Marques, 2014) have been found between nasal and nasalized
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vowels, specifically in regard to the difference between A1 (amplitude of the first formant) and P0 (nasal
peak amplitude). The A1− P0 measure has been taken as an indirect measure of nasality—the smaller the
value, the more nasal a sound is expected to be produced. This is because as nasality increases, the nasal
peak increases and the first formant decreases, thus closing the distance between the two. Marques (2014)
shows that BP nasal vowels have a smaller A1 − P0 than nasalized vowels, implying a differing degree of
nasalization. A smaller A1−P0 is also seen for nasal vowels than contextually nasalized vowels preceding a
nasal consonant in Taiwanese (Pan, 2004; Kawasaki, 2006), as well as in Punjabi (Zahid and Hussain, 2012).
Little articulatory research has been done to suggest a distinction between oral and nasal vowel pairs is
(partially) due to oropharyngeal articulations. The work that has been done uses invasive or indirect means,
such as a nasograph (Solé, 1995; de Moraes, 1997; Lovatto et al., 2007) or aerodynamics (de Medeiros, 2011).
These methods only account for velar lowering as a component of nasalization, which, as noted before, is an
incomplete account of nasalization (at least, as a physiological phenomenon). The use of invasive methods is
usually uncomfortable for the speaker, and can therefore limit the amount of data collected or its naturalness.
Stipulations regarding vowel category are needed in any aerodynamic works given the inherent articulatory
and aerodynamic profiles of vowels, and therefore some researchers focus only on a single vowel category.
Furthermore, many of these studies involve a single instance of time or a few instances as the basis for an
analysis, rather than studying the entire trajectory of the articulators over time. Given the time-dynamic
aerodynamic profile associated with nasalization in BP nasal and nasalized vowels (Meireles et al., 2015),
articulatory differences over time are expected.
In summary, languages with phonemic oral and nasal vowels employ enhancement of the distinction
between nasal/oral vowels through purposeful articulations in the oral cavity paired with velopharyngeal
opening, whereas languages with a phonetic distinction of nasality employ attenuation of the distinction
through different yet still purposeful oral articulations.
Little work has been done to consider gender effects of nasalization processes. Engwall et al. (2006) shows
that the female speakers in their study of French have shorter nasal tracts and show greater velopharyngeal
opening in nasal vowels, compared to male speakers. Results on nasalance differences between genders are
inconclusive—no difference in nasalance has been found between normal male and female speakers of English
in read speech (Bettens et al., 2013; Litzaw and Dalston, 1992), though females were found to have higher
nasalance values in nasal phonemes (Rochet et al., 1996; Van Lierde et al., 2003). (Bettens et al. (2013:187–
8) gives an overview of results of various studies regarding the effects of gender and age on nasalance.)
Differences in nasalance have been explained by anatomical differences between males and females (Kuehn,
1976; Seaver et al., 1991). Thompson (1978) shows higher amounts of anticipatory nasal coarticulation in
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female speakers compared to males. A study of kinematic differences in male and female speakers show
higher amounts of tongue movement and velocity in diphthongs produced by male speakers, though this
only took into account oral tract differences in oral vowels (Simpson, 2001). Nasalized vowels display wider
F1 bandwidths for females than for males, though gender does not have an effect on F1 peak amplitudes (Bae
et al., 2011). Due to the small amount of discussion on the topic of gender and nasalization in the phonetics
literature, further study is required to shed light on the relationship between gender and articulatory and
acoustic differences in nasalization.
2.2 Brazilian Portuguese
Portuguese is the fifth-most widely spoken language in the world in terms of first-language speakers, with ap-
proximately 220 million first-language speakers and an additional 30 million second-language speakers (Lewis
and Gary, 2013). Thus, increasing the knowledge of Portuguese phonetics and pronunciation has a practical
application in the language classroom, as well as in automatic speech recognition and voice synthesis appli-
cations. Furthermore, studying BP will yield greater knowledge of the immense, yet understudied, dialect
diversity in Brazil (Azevedo, 2005; Guy and Zilles, 2008), including how those dialects have diverged from
European Portuguese over the centuries.
Portuguese is descended from Latin, brought to the Iberian Peninsula in the 3rd century BCE by the
Roman Empire. Following the collapse of the Roman Empire, the Iberian Peninsula was conquered by people
who spoke Germanic languages between the 5th and 8th centuries AD. These languages heavily influenced the
local Romance language, which became the lingua franca, known by scholars as Galician-Portuguese. During
this time, regressive nasalization created what are now known as phonemic nasal vowels in the old region
of Gallaecia, located in the northern part of Portugal. This is one of the most salient differences between
Portuguese and Spanish, and was most likely influenced by Celtic dialects spoken in the region (Spina,
1987). With the Moorish invasion of the Iberian Peninsula in 711, Arabic was adopted as an administrative
language, and heavily influenced the lexicon of Galician-Portuguese, though the phonology maintained many
Latin and Celtic influences, and as some Germanic influence as well (Fagan, 1988; Sampson, 1999; Zaidan,
2010).
Portugal became an independent kingdom in 1139 under King Alfonso I. A century later, King Denis de-
clared that the common language become known as the Portuguese language. With the political separation
of Portugal and Galicia in the 14th century, Galician-Portuguese became two separate languages. Old Por-
tuguese, the language spoken in Portugal after this split, became increasingly common in official uses. With
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the increase in Portuguese colonization in the 14th through 16th centuries, the Portuguese language spread
to Africa, Asia, and South America (Silva, 2001). Brazil was colonized by the Portuguese beginning in 1500,
and remained a colony of Portugal through the early 19th century. Because of the distance between Brazil
and Portugal, the two dialects diverged further with influence from indigenous and neighboring languages,
many of which also have nasal vowel inventories (Sampson, 1999).
The phonemic inventory of BP includes seven phonemic oral vowels in stressed position /i e E a O o u/ and
five phonemic nasal vowels1 /̃ı ẽ 5̃ õ ũ/ (Barbosa and Albano, 2004), as seen in Figure 2.1. In pre-stressed
position, there are five oral vowels and five nasal vowels: /i e a o u ı̃ ẽ 5̃ õ ũ/ (note that /E/ and /O/ do not
occur in pre-stressed position). Barbosa and Albano (2004) claim that both nasal and nasalized vowels can
occur in pre-stressed position, with nasal vowels occurring before the “archiphoneme” /N/ and nasalized
vowels occurring before /ñ/. In post-stressed position, a four-oral vowel contrast exists /I 5 U ë/, and the
five phonemic nasal vowels are preserved.
Some scholars (Câmara, 1970, 1977; Paradis and Prunet, 2000; Desmeules-Trudel, 2015) doubt whether
the phonemic nasal vowel exists in languages such as BP. They claim that these sounds are phonologically
oral vowels followed by an underlying nasal consonant, though recent findings have raised evidence against
this theory, by showing articulatory distinctions between the vowel pairs (Shosted, 2015; Shosted et al., 2015;
Barlaz et al., 2015a). Specifically, these findings include distinctions in jaw position, lingual shape, and degree
of pharyngeal constriction. (See Section 2.1.1 for a discussion of this topic.) Gregio et al. (2006) shows that
phonemic nasal vowels in BP exhibit three articulatory “moments”, whereas oral vowels exhibit only one.
These moments are characterized by movement of the tongue, lips, and velum. In this case, articulatory
distinctions throughout the vocal tract, not just in oral/nasal coupling, are necessary for the production of
a nasal vowel that is distinct from its oral counterpart. Other acoustic and phonological works support the
claim that nasal vowels are distinct phonemes in BP (Head, 1964). Cagliari (1977) claims that a vowel will
always be nasalized when followed by /N/, when /N/ is not realized as a nasal consonant (p. 21). Gigliotti de
Sousa (1994) claims that BP nasal vowels have a function in the language distinct from that of oral vowels,
although she argues that nasal vowels are /VN/, even if the N is not phonetically realized. She also posits,
following previous works, that nasality can be considered similar to a suprasegmental feature (Fonseca,
1984). Shosted (2015) shows differences in tongue position and labial aperture of BP oral and nasal vowels—
in particular, /5̃/ and /ũ/ show tongue body raising.
In addition to phonemically nasal vowels, BP contains phonetically nasalized vowels, examples of which
are given in Section 2.1.5. This can possibly lead to the potential for acoustic overlap and therefore misper-
1Barbosa and Albano (2004) uses the term “nasalized” vowels to describe these vowels. However, I follow the conventions
in Stevens (2000) and consider these vowels nasal, as they are phonemically distinct from oral vowels.
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Figure 2.1: Vowel space for the phonemic oral and nasal vowels in BP in stressed position, adapted
from Barbosa and Albano (2004:229).
ception of certain words. Some scholars posit that the distinctions between the two nasal vowels is simply
syllable structure—phonemic nasal vowels are tautosyllabic with the adjoining nasal consonant, and phonet-
ically nasalized vowels are heterosyllabic with the nasal consonant (Desmeules-Trudel, 2015; Barbosa and
Albano, 2004).
An analysis of a corpus of BP data is needed to determine the different articulatory mechanisms involved
in the production of phonetic and phonemic nasal vowels. BP is the language of choice because it includes
phonemic oral and nasal vowel pairs, as well as phonetic nasalization, all of which can be directly compared to
determine oropharyngeal shape throughout the relative durations of these vowels. It is unclear as to whether
a language with both phonemic and phonetic nasalization manifest the same or different motor plans in these
contexts. Only a few studies have covered this topic in BP—de Moraes (1997), using a nasograph, found the
amount of velopharyngeal opening was larger in phonemic nasal vowels than in phonetically nasalized vowels.
Aerodynamic work is inconclusive in its findings—de Medeiros (2011) finds greater airflow in phonemic
nasal vowels than phonetically nasalized vowels across five speakers; however, Desmeules-Trudel (2015)’s
data from 11 speakers (of various ages and places of birth) includes a fair amount of individual variation,
though the results show the same general trend as de Medeiros (2011). Neither of these studies, however,
involve statistical modeling in order to corroborate their results, and they provide an indirect measure of
velopharyngeal opening at best. Acoustic analysis shows distinctions in the A1−P0 (the difference between
F1 and the low-frequency peak in nasal vowel spectrum) measure with nasal vowels showing a lower value,
though the difference in the measurement between nasal and nasalized vowels is not large enough to posit a
difference in degree of velopharyngeal opening (Marques, 2014). Porter (2015) shows differences in duration
and nasal airflow characteristics between nasal and nasalized vowels.
Based on previous work in BP and other languages, I expect certain articulatory strategies to be employed
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in order to maintain an acoustic distinction between nasal and oral vowels, thus avoiding listener confusion.
Furthermore, I expect to see articulatory strategies to counteract the effects of coarticulatory nasalization on
oral vowels, thus maintaining these vowels within one phonemic category. Specific hypotheses are outlined
in Section 3.3.
2.3 Magnetic Resonance Imaging
The use of real-time Magnetic Resonance Imaging (rt-MRI) in speech research offers a safe, non-invasive
method of imaging the entire vocal tract, including posterior regions not available for study with EMA or
ultrasound. This allows for a more comprehensive view of the articulatory mechanisms of speech in real
time, which is essential for researchers interested in unraveling the many-to-one problem of speech.
The role of MRI in speech research has been increasing since the 1980s, when the advantages of the
method were realized, especially in comparison to x-ray imaging (Baer et al., 1987). MRI has also been
used for in-depth study of vocal tract resonances in American English vowels (Sulter et al., 1992). Static
MRI has also been used to show coarticulatory effects on Swedish fricatives (Engwall and Badin, 2000) and
European Portuguese obstruents (Martins et al., 2008). The use of rt-MRI is an especially valuable tool in
speech research. It has been used to study the role of pharyngeal and lingual articulation in French vowels,
using area functions (Carignan et al., 2013) and principal component analysis (PCA) (Carignan et al., 2015),
as well as French velar coordination in different speaking rates (Proctor et al., 2013). The use of rt-MRI
has been especially utilized to study posterior regions of the vocal tract, such as the pharynx (Hsieh et al.,
2013), as well as more complex sounds such as retroflex consonants in Tamil (Smith et al., 2013). It has also
been used to study the implications of the motor plan of speech and articulatory setting on the phonological
structure of a language (specifically, English) (Ramanarayanan et al., 2013a,b, 2014).
Contour extraction and analysis has been used for study of tongue shapes with clinical applications,
specifically to identify the functional segments within tongue movement (Stone et al., 2001, 2004). It has
also been used to show lingual differences in BP oral and nasal vowels (Barlaz et al., 2015a). The introduction
of displacement fields into the analysis has allowed the study of motion within articulators. These fields
have been used to study the general movement of the tongue, and therefore to give a three-dimensional map
of lingual shape (Lee et al., 2014). Movement is calculated within a displacement field in comparison to a
reference image using the function imregdemons in MATLAB (Inc., 2012). For each image of interest In
within the target sound’s duration, the position of the articulator in question is calculated by subtracting
the deformation values from the reference image’s coordinates for each pixel associated with the articulator’s
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image:
(xn, yn) = (Dxref{xref},Dyref{yref}) (2.1)
where Dx is horizontal deformation, and Dy is vertical deformation.
Within the linguistics literature, displacement fields have been used to study constriction size in the
pharynx in BP oral and nasal vowels (Fu et al., 2015a), and to show the emergence of velar nasal coda vowels
in BP (Barlaz et al., 2015b). Deformation fields have also been used to study incomplete neutralization in
flaps in American English (Fu et al., 2017). Previous studies gathered information about constrictions and
occlusions, though these measurements are rarely automatic (Ventura et al., 2011), thus limiting the amount
of data processing that can be done in a timely manner. Thus, building and analyzing a large corpus with
data from multiple speakers will give a data set covering the full vocal tract to determine the similarities
and differences between the oropharyngeal articulations in different categories of vowels within and between
native speakers.
It is important to note that the current methods in our rt-MRI research involve the subject lying in
a supine position. While upright MRI is becoming more available in medical procedures, it is currently
not available for linguistics research. There are conflicting findings on the effects of body position and
head posture on articulation. Dietsch et al. (2013) find no significant differences in the range of lingual
movement between supine and upright positions. There are conflicting results in regards to velar movement—
Whalen (1990) finds a limited effect of gravity on velar height. Bae et al. (2014) find evidence of a more
posterior position of the velum using videofloroscopy in a supine position, compared with upright position,
whereas Kollara and Perry (2014) find no significant differences in velar size, shape, or setting within the two
positions. Acoustic differences are also variable. Bae et al. (2014) show no significant differences in vowel
formants (F1 and F2) in upright and supine position, though there is a tendency for a higher F1 in the
supine position. This could possibly be a result of lowered tongue position in the supine position (relative
to upright), which could be viewed as a compensatory mechanism to counter gravity. Conversely, Vorperian
et al. (2015) finds significant differences in vowel formants (F1-4), formant bandwidths, and F0, though the
vowel space is comparable in size and shape to that of speakers in upright position.
Because of the lack of consensus between scholars on the effects of position on acoustic and articulatory
studies, it is difficult to determine the true effects of gravity and positioning on the vocal tract. rt-MRI
produces images with a high spatiotemporal resolution, while minimizing discomfort and eliminating invasive
procedures. Therefore, rt-MRI is a beneficial tool for doing articulatory research, despite the potential
drawbacks due to speaker position.
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While rt-MRI has become increasingly useful for speech research due to its advancing spatiotemporal
resolution, the associated audio is very noisy. This is due to the rapid vibration of gradient coils as energy
passes through them. The noise in the scanner can be very loud, and its frequency range is within the
normal range of speech frequencies (Inouye et al., 2014). While the noise of the scanner differs slightly
based on the scanning sequence, all scans involve an intrusive noise profile. It has therefore been difficult, if
not impossible, to corroborate whether any differences in articulatory configuration manifest in meaningful
acoustic modulation. Three methods are currently available: recreating the experimental set-up outside of
the MR scanner, synthesizing the speech signal based on articulatory configurations, and denoising the audio
directly from the MRI. While the first method allows for the best acoustic output, it assumes no significant
variation between production in the two experimental setups. Advances in the second and third methods
allow for acoustic analysis without recreating experiments, but bring with them a number of other caveats.
The mapping between articulation and acoustics has mainly been dealt with via acoustic-to-articulatory
inversion (Toutios and Margaritis, 2003; Zhang and Renals, 2008; Özbek et al., 2009). Conversely, the study
of the acoustic output given articulatory data as input—usually area functions or positions of discrete flesh
points—is important for understanding the effects of different strategies used in manipulating the vocal
tract, and whether or not these strategies manifest in perceptually significant ways. Numerous models have
been used to conduct articulatory-to-acoustic inversion, including the Configurable Articulatory Synthesis
(CASY) model (Iskarous et al., 2003), the Vocal Tract Area Response (VTAR) program (Zhou et al., 2004),
and ArtiSynth (Lloyd et al., 2012). Much of the modeling involves the use of EMA data (Ananthakrishnan
and Engwall, 2011b,a; Ananthakrishnan et al., 2012), which limits the amount of articulatory data to a
small number of discrete points in the anterior portion of the vocal tract. Data from MRI has been used
in these models as well (Iskarous et al., 2003; Badin et al., 2002; Engwall, 2003; Chen et al., 2009), though
tongue and lip shape is the primary focus of these studies. The combination of MRI data, which allows
more data from the entire vocal tract, and existing methods allows for advanced modeling and therefore
enhanced acoustic synthesis. Specifically, VTAR has been developed to work with full-length vocal tract
measurements, which is ideal for analysis of MRI data (Zhang and Espy-Wilson, 2004). While vocal tract
modeling and acoustic synthesis allows exploration of the potential sounds speakers are able to produce, the
use of the acoustics recorded in the MRI allows for direct connections between the articulatory configurations
and acoustic outputs of real-time speech. Denoising the acoustic signal recorded in the MRI is, however,
challenging, given that the MRI noise is very loud—over 100 dB in many scans (Counter et al., 1997). Recent
developments in signal processing have made great strides in denoising the acoustics recorded in the MRI.
The main technique currently used in noise canceling in MRI is adaptive filtering, in which the speech signal
25
is recorded in the MRI and a reference noise signal is recorded or modeled for the filtering process (Bresch
et al., 2006, 2008).
A second method, correlation subtraction, involves the recording of noise both with and without speech.
Since the signals are periodic, cross-correlating the audio signals and subtracting the noise also allows for
a noise-suppressed signal (NessAiver et al., 2006). Recent methods combine correlation subtraction and
spectral noise gating (a filtering method that passes frequencies through a “gate” if their power is higher
than a reference noise-only period), yielding promising results for noise suppression (Inouye et al., 2014).
Other methods include using dictionary learning of noise and noise+speech segments, with wavelet packet
analysis to minimize divergence between speech and noise (Vaz et al., 2013).
The use and comparison of these emerging technologies can determine whether findings in articulation
lead to differences in the acoustics, and whether those differences are perceptually salient. Therefore, the
application of these methods have important implications in speech technologies and articulatory research.
In this dissertation, I use two methods of acoustic analysis—performing a comparable recording outside of
the MR scanner, and denoising the audio directly from the MRI. I perform a clean acoustic recording to
determine the acoustic outcomes of phonetic and phonemic nasalization. I utilize both of these denoising
methods and compare them to determine if they are able to sufficiently filter out the noisy signal from
the recordings made in the MR scanner. I compare these filtered signal to clean audio to determine if the
denoising algorithms adequately produce a signal that can be used to distinguish oral, nasal and nasalized
vowels. These two methods involve recordings of actual productions of nasal, nasalized and oral vowels, and
therefore are directly comparable. Acoustic synthesis, while advantageous, would potentially give the least




Research Questions and Hypotheses
3.1 Summary of Previous Work
Previous findings on BP nasalization, as described in Section 2.2 can be summarized as follows:
• There is a debate in the literature regarding the phonological status of nasal vowels in BP. Some
scholars claim that nasal vowels are underlyingly an oral vowel followed by a nasal consonant (/VN/),
while others claim that nasal vowels are underlyingly nasal (/Ṽ/).
• Scholars maintain a distinction between phonemic nasal vowels, or vowels tautosyllabic with the ad-
joining nasal consonant, and phonetically nasalized vowels, or vowels that are heterosyllabic with
the adjoining nasal consonant. Aerodynamic studies show differences in nasal airflow rates between
oral, phonemic nasal, and phonetically nasalized vowels. Acoustic studies show lower A1− P0 values
for phonemic nasal vowels than for phonetically nasalized vowels, suggesting there is a difference in
oral/nasal coupling for nasal and nasalized vowels.
• Articulatory work using EMA and rt-MRI show distinctions in tongue shape, pharyngeal constriction,
and jaw height between oral and phonemic nasal vowels. No comprehensive articulatory work has been
completed to include phonetically nasalized vowels.
3.2 Research Questions
I aim to fill a gap in the literature regarding the systematic phonetic differences between oral vowels, phonemic
nasal vowels, and phonetically nasalized vowels, with an aim towards resolving the question of their phonemic
status. Specifically, I plan to determine what articulatory and acoustic configurations differentiate nasal and
nasalized vowels, and how these vowels can be compared to phonemic oral vowels. Therefore, I plan to
answer the following questions:
1. What are the articulatory configurations of oral, phonetically nasalized and phonemically nasal vowels?
• What are the lingual and pharyngeal configurations of these vowels, and how do they differ across
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their respective durations?
• Is there a difference in timing and degree of velopharyngeal opening between nasal and nasalized
vowels?
2. What are the differences between the acoustic signals of oral, phonetically nasalized and phonemically
nasal vowels?
• Is there a distinction between the formant trajectories of these three types of vowel?
3. What is the relationship between the articulatory configuration and acoustics of these vowels?
• Is there a predictable mapping between the articulatory configurations of these vowels and their
acoustic outputs?
• Is there a method of acquiring or filtering the noisy acoustic signals recorded in an MR scanner
that allows for a more robust mapping between the articulatory configurations and the acoustic
signal?
In order to answer these research questions, I have conducted articulatory and acoustic studies of BP
speech production. The articulatory studies include two-dimensional data collection of mid-sagittal images
of the vocal tract using rt-MRI to study the shape of the vocal tract (Chapter 5). It also includes collection
of simultaneously-captured axial, coronal and oblique images of the vocal tract, in order to study various
articulators in greater detail (Chapter 6). The acoustic studies include two parts: the use of the audio
recorded in the MRI, denoised with current noise-canceling applications; and separate acoustic recordings
conducted in a noise-attenuating booth (Chapter 7). Further explanation of the data collection methods are
described in Chapter 4.
3.3 Hypotheses
I expect to observe the following results:
1. Articulatory studies
• I expect to see articulatory distinctions between the oral and phonemic nasal vowels, such that
the articulation of the nasal vowels enhances the acoustic distinction of oral/nasal vowel pairs.
This includes centralization of the vowel space (i.e., tongue movement in the oral cavity), and
distinctions in labial aperture and pharyngeal constrictions. (See Section 2.1.4 for the relevant
background information.)
• I expect to see articulatory distinctions between the oral and phonetically nasalized vowels, such
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that the articulation of the nasalized vowels counteract the acoustic affects of nasalization. This
includes movement of the tongue towards the periphery of the vowel space (i.e., raising for high
vowels and lowering for low vowels), as well as other articulatory distinctions. (See Section 2.1.5
for the relevant background information.)
• Based on the previous two points, I expect the nasal and nasalized vowels to differ in their lingual
and pharyngeal articulations. I also expect to see distinctions in velar aperture and timing of the
velopharyngeal opening for nasalization between the phonetically nasalized and phonemic nasal
vowels.
• Specifically, for the vowels /i/ and /̃ı/, I expect to see tongue backing and lowering, as well as
a wider pharyngeal opening for the phonemic nasal vowel, with respect to its oral counterpart.
For the phonetically nasalized /i/, I expect to see slight tongue raising, as well as a slightly
narrower pharyngeal opening, with respect to the phonemic oral vowel. For the vowels /u/ and
/ũ/, I expect to see tongue fronting and lowering, as well as a wider pharyngeal opening for
the phonemic nasal vowel, with respect to its oral counterpart. For the phonetically nasalized
/u/, I expect to see slight tongue raising, as well as a slightly narrower pharyngeal opening, with
respect to the phonemic oral vowel. For the vowels /a/ and /5̃/, I expect to see tongue fronting
and raising, as well as a narrower pharyngeal opening for the phonemic nasal vowel, with respect
to its oral counterpart. For the phonetically nasalized /a/, I expect to see slight tongue lowering,
as well as a slightly wider pharyngeal opening, with respect to the phonemic oral vowel. All of
these gestures are associated with the centralization of these particular vowel qualities.
2. Acoustic studies
• I expect to see distinctions in the vowel categories for oral, nasal and nasalized vowels in the
high-fidelity recordings made in a noise attenuating booth. I believe that these recordings will
show the most robust distinction between the vowel categories. (See Section 2.1.2 for the relevant
background information.)
• I expect to see distinctions in vowel categories for at least oral and nasal vowels in the denoised
signals. While I hope that the denoising algorithms will be robust enough to show differences
between all nasality conditions, it is possible the effects of phonetic nasalization will be lost—while
these algorithms are able to increase the signal-to-noise ratio tremendously, the scanner noise is
not perfectly accounted for in the filtering process.
• Specifically, I expect to see higher F1 for /̃ı/ and /ũ/ than for their oral counterparts, and a
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lower F1 for /ã/ than for /a/. I expect to see intermediate F1 values—that is, between those of
the oral and phonemic nasal vowels—for the phonetically nasalized vowels. If any F2 distinctions
exist, I expect to see them most significantly in the front vowels, with /̃ı/ having a lower F2 than
/i/, and the phonetically nasalized /i/ having an intermediate F2 between that of the oral and
nasal vowels. (This is based on previous research that has found the most salient F2 differences





To control for dialect, data was collected from 8 male speakers and 5 female speakers of BP who were born
and lived the majority of their lives in the states of Minas Gerais and/or São Paulo, in the southeast region
of Brazil. This is in line with dialect-controls found in other phonetics studies of BP (de Medeiros, 2011;
Desmeules-Trudel, 2015; Marques, 2014; Shosted, 2011, 2003; Shosted et al., 2015). All participants had
normal or corrected-to-normal vision, have no history of speech, hearing, or neurological disorders, and were
not claustrophobic. Due to the need for a strong, homogeneous magnetic field in the MR scanner, subjects
with metal implants or permanent orthodontic retainers were excluded. Speakers ranged in age from 23 to
43, with an average age of 31.8 years. A summary of the speakers’ backgrounds is given in Table 4.1.
4.2 Materials
Because of timing constraints, only three oral/nasal/nasalized vowel congeners in the BP vowel inventory
were used. The vowels /a/, /u/ and /i/ were chosen due to their maximal distinctness. Within each of these
three vowel categories, four words were chosen to fit certain criteria. First, I chose four vowel conditions,
based on my research question: oral vowels, phonetically nasalized vowels (i.e., vowels adjacent to a nasal
consonant, which occurs in the following syllable), phonemic nasal vowels in word-medial position, and
phonemic nasal vowels in word-final position. Nasal vowels in two positions were included to determine any
positional or morpho-phonological effects on nasalization, as previous works have used two different types of
stimuli. There is also more consensus in the literature that word-final nasal vowels are phonemic nasal vowels,
as any following segment would be underlying. The phonological status of word-medial nasal vowels is less
clear. By definition, nasalized vowels occur before a nasal consonant that begins a new syllable (Barbosa
and Albano, 2004). Based on lexical constraints, three-syllable words were chosen, with the target vowel
found in the second syllable. For the word-final nasal vowels, disyllabic words were chosen, with the second
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Speaker Age Gender Place of birth Other languages spoken
BP02 30 M São Paulo, São Paulo English, Italian
BP04 43 M Belo Horizonte, Minas Gerais English, French, German
BP05 28 M Belo Horizonte, Minas Gerais English
BP06 23 M São Paulo, São Paulo English
BP07 37 M Belo Horizonte, Minas Gerais English
BP09 47 M João Monlevade, Minas Gerais English, Spanish, French
BP10 30 M São Paulo, São Paulo English, Spanish, Korean, French
BP14 34 M Santos, São Paulo English, Spanish
BP17 27 F São Paulo, São Paulo English, Italian, Spanish, French
BP18 34 F Jundiáı, São Paulo English
BP19 34 F Uberaba, Minas Gerais English
BP20 34 F Belo Horizonte, Minas Gerais English
BP21 24 F Unáı, Minas Gerais Spanish
Table 4.1: Summary of speaker demographics
syllable containing the target vowel being stressed. The second syllable was stressed for all target words, so
that the target vowel was stressed, and therefore would not be subject to any phonetic reduction.
The word list was carefully constructed so that all target vowels occurred within the same phonetic
context, specifically in the environment [labial] [alveolar]. It would be ideal to find words to fit in the
[labial] [labial] environment, as this would have produced the fewest coarticulatory issues. However,
this was not possible given the BP lexicon. An [alveolar] [alveolar] environment would result in
all alveolar consonants preceding /i/ to undergo affrication (/di/ −→ [dZi] and /ti/ −→ [tSi]), therefore
disallowing comparison within a comparable phonetic environment across vowels. Therefore, the environment
[labial] [alveolar] was used. In order to maintain the [labial] [alveolar] environment, the carrier
phrase was created to have the word following the target word begin with an alveolar, so that the target
vowels for the word-final nasal conditions were within the desired environment. The word list was also
balanced for frequency across three corpora of BP (Davies, 2016; Costa et al., 2008; Cristófaro-Silva et al.,
2005). This was done to minimize the possibility of frequency effects on high-frequency words, including
shortening of vowel and less peripheral qualities of the vowels (Mousikou and Rastle, 2015).
Given the aforementioned criteria, the word list used can be found in Table 4.2. The carrier phrase
chosen was digo X duas vezes [dZigu X duaz vEz1s], “I said X two times.”
4.3 Magnetic Resonance Imaging
MRI technology uses the body’s abundance of hydrogen to create an anatomical image. When a subject is
placed in a strong magnetic field (such as an MR scanner, which is generally between 0.5 and 3 Tesla), the
protons in hydrogen atoms line up in a uniform arrangement. When a radio wave is added to the magnetic
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Vowel Word IPA Gloss ASPA SC CP Vowel Type
/u/ tributo /tRi"butu/ tax 3550 322 78 oral
tribuna /tR"ibuna/ tribune 1360 1296 80 nasalized
abunda /a"bũda/ abound.3s.pres 61 26 10 nasal
bebum /bE"bũ/ bum 24 2 2 nasal
/a/ babado /ba"badu/ frill 392 43 8 oral
propano /pRo"panu/ propane 32 4 11 nasalized
tapando /ta"pãdu/ cover.PRESP 132 24 13 nasal
tupã /tu"pã/ Tupi god 429 26 3 nasal
/i/ cabido /ka"bidu/ fit.PP 25 4 3 oral
cabine /ka"bini/ cabin 2355 234 50 nasalized
subindo /su"b̃ıdu/ climb.PRESP 2499 388 199 nasal
cupim /ku"p̃ı/ termite 237 31 23 nasal
Table 4.2: List of words used in production experiments, with number of instances by corpus. ASPA =
Avaliação Sonora do Português Atual (Cristófaro-Silva et al., 2005); SC = São Carlos (Costa et al., 2008);
CP = Corpus do Português (Davies, 2016).
field, it resonates at a frequency dependent on the strength of the field. As different frequencies are applied
using electric coils, the local magnetic field is slightly altered, and different cross-sections of the anatomical
structure at various orientations resonate. When the radio wave is turned off, the magnetic field returns
to a resting state, and a radio wave is emitted as the protons realign. Receiver coils around the body part
of interest detect the emitted radio wave frequencies, which provide information about the location of the
protons in the body. Depending on the type of hydrogen-based material in the body being studied, different
signals are picked up, as the atoms in different tissue types realign at varying speeds. Images are therefore
built based on a series of pulse sequences (Berger, 2002; Weishaupt et al., 2008).
Current methods in rt-MR imaging research allow for excellent spatiotemporal resolution (Fu et al., 2012),
based on a Partial Separability (PS) model (Liang, 2007; Zhao et al., 2012). This allows reconstruction of
high-quality images by assuming that the spatiotemporal image data I(r, t) can be separated into both





In this case, instead of recovering the whole matrix of data, low rank data is recovered and decomposed
from two-dimensional variables into two one-dimensional variables—space and time. Imaging data Φ`(r)
gives extended k-space locations but low temporal sampling speed, while the navigator data Ψ`(t) has high
temporal sampling speed but low sampling of k-space (Fu et al., 2015b).
Current scanning methods allow for the best spatiotemporal resolution being used for speech imaging
research. There are two methods currently employed: first, a single slice is collected, usually taken in a mid-
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sagittal orientation, with a frame rate of 100 frames per second. Second, a set of up to eight simultaneously-
captured slices is collected, with each slice at a frame rate of 100/n frames per second (where n = the
number of slices). In each of these scenarios, the spatial coverage is 128× 128 voxels, and spatial resolution
is 2.2× 2.2× 6.5 (through-plane depth) mm per voxel. This multi-slice method gives simultaneous real-time
imaging in multiple orientations, which allows good spatial resolution of different articulators simultaneously.
However, the relatively low frame-rate in this multi-slice method does not allow the study of fast speech or
quick sounds.
4.3.1 Data Collection Protocols
Data was collected in a 3 T Siemens Trio MRI scanner at the Beckman Institute at the University of Illinois
at Urbana-Champaign. Subjects were given a safety screening to ensure they had no metal implants. They
were given instructions on the experiment protocol in the MRI prior to entry. Specifically, subjects were
instructed to lie down in the MRI and not move any part of their body except their mouth while speaking.
A computer screen displaying the target phrases was projected for them to read the test materials.
Data collection was divided into three parts. The first part included localization for the MR scanner and
a static T2-weighted TSE scan. The T2-weighted TSE scan was completed to get a high-definition 3D image
of the vocal tract. Spatial coverage is 320 × 240 × 192 voxels, and spatial resolution is 0.8 × 0.8 × 0.8 mm
per voxel. This scan was used in order to determine the correct angle for the oblique slice of the multi-slice
scans, as described below.
The second part of the MR experiment involved collection of real-time single slice data, with the slice
taken in a midsagittal orientation. An example of the midsagittal slice is illustrated in Figure 4.1. Subjects
were instructed to repeat a phrase (the carrier phrase with the embedded target word) at their normal
speaking rate with no pause between words, starting from the onset of scanner noise and continuing until
cessation of noise. Each of these scans took approximately 1.5 minutes. Twelve scans were completed in this
fashion, with a single target word the subject of each scan. Because of variation in speaking rate, an unequal
number of repetitions of each vowel was recorded, ranging from 23 to 48 repetitions per vowel. Number of
repetitions by word and by speaker are found in Table 4.3. Simultaneous acoustic recordings were taken to
align the relevant images with the target vowels, and were also denoised for analysis of formant trajectories
over time (see Section 7.4).
The third part of MR data collection involved the acquisition of multi-slice data. Due to time restrictions
and speaker comfort, four scans were completed with this protocol, each with three target words embedded
in the carrier phrase. Four slices were acquired for each of these scans: a coronal slice oriented through the
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abunda babado bebum cabido cabine cupim propano subindo tapando tribuna tributo tupã
BP02 35 34 31 32 35 33 31 31 32 38 31 33
BP04 46 43 43 44 42 46 46 45 44 41 43 47
BP05 38 39 39 40 39 41 39 39 40 37 38 40
BP06 45 47 47 48 47 46 44 42 46 45 46 44
BP09 30 27 33 27 30 29 30 32 28 23 34 29
BP10 39 39 39 38 40 38 36 37 40 38 38 34
BP14 45 43 44 43 44 41 41 41 42 43 45 42
BP17 31 33 36 34 32 35 34 33 33 32 35 35
BP18 26 27 31 28 27 29 26 28 26 23 29 27
BP19 34 34 35 34 35 35 35 34 34 34 35 35
BP20 34 34 43 35 33 40 40 41 33 33 41 40
BP21 45 45 51 45 47 48 46 51 47 42 54 49
Table 4.3: Number of repetitions by word and by speaker for the midsagittal data.
Figure 4.1: Position of the single slice in midsagittal orientation for speaker BP02, as seen in sagittal (left),
coronal (middle) and axial (right) views.
tongue tip, an oblique slice oriented through the velopharyngeal opening, an axial slice oriented through
the hyperpharynx, and an axial slice oriented through the hypopharynx. The axial slice through the hy-
perpharynx was placed just below the tongue root, and the slice through the hypopharynx was placed just
above the cricoid cartilage. The oblique slice was placed through the velopharyngeal port, and the exact
oblique angle was found by using the structural scan to locate the levator veli palatini (the elevator muscle
of the soft palate, activation of which closes the velopharyngeal port). For this scan sequence, the speakers
were instructed to read each set of sentences with normal sentence intonation with no pause between words.
Because they were repeating a series of three sentences, they were specifically instructed to avoid reading
the sentences as a list. Because of variation in speaking rate, an unequal number of repetitions of each vowel
was recorded, ranging from 19 to 60 repetitions per vowel. Number of repetitions by word and by speaker
are found in Table 4.4. Each of these scans took approximately 5 minutes. An example of the orientations
of the four slices is illustrated in Figure 4.2.
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Figure 4.2: Multi-slice orientation for speaker BP02. Slices resulted in a coronal image through the tongue,
an oblique image through the velopharyngeal opening, and two axial image through the hyperpharynx and
hypopharynx. Views of slice position include sagittal (left), oblique through the levator veli palatini muscle
(middle) and axial (right).
abunda babado bebum cabido cabine cupim propano subindo tapando tribuna tributo tupã
BP02 35 33 34 33 34 35 34 34 34 34 33 34
BP04 54 57 55 57 54 54 54 55 54 55 58 55
BP05 47 47 47 47 46 46 46 47 47 45 47 45
BP06 56 57 58 58 59 56 56 58 58 60 57 59
BP07 46 46 36 47 46 47 46 35 35 46 46 45
BP09 37 41 37 40 19 37 36 37 36 19 41 20
BP10 51 45 45 45 46 50 50 45 45 45 45 45
BP14 50 49 50 50 52 49 49 50 49 52 50 52
BP17 40 40 41 40 41 40 40 41 41 41 40 41
BP18 41 34 39 34 35 41 40 39 39 34 33 35
BP19 41 39 39 38 37 40 40 40 39 37 39 38
BP20 50 50 51 50 51 50 50 51 51 50 49 51
BP21 52 59 51 58 54 52 53 51 50 53 58 53
Table 4.4: Number of repetitions by word and by speaker for the multi-slice data.
4.4 Acoustic Data Collection
Separate acoustic data was also recorded in the sound-attenuating booth in the Phonetics and Phonol-
ogy Laboratory at the University of Illinois. Speakers wore a C520 head-set microphone (AKG Harman,
Stamford, CT) and acoustics were recorded into a PMD570 Solid State Recorder (Marantz Professional,
Cumberland, RI) with a Grace m101 preamplifier (Grace Designs, Lyons, CO). The microphone was placed
approximately 2 cm from the speaker’s mouth on the left side of the face. Recording was done in a fashion to
mimic the MRI study as much as possible. The speakers were instructed to lie down on a cot in the sound-
attenuating booth, and to remain as still as possible. The same test materials as in the MR experiment were
projected for the subject to read. Subjects were instructed to repeat the phrase on the screen for 1.5 minutes
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at a normal pace and with neutral intonation. In order to estimate the effect of gravity on the data, a second
data set was recorded with the speaker sitting upright in a chair. The same target words were repeated,
also for 1.5 minutes each. The acoustic recordings took approximately 45 minutes per speaker. Acoustic
data from the MRI acquisition sessions and high-fidelity acoustic recordings were annotated manually in





The study described below was conducted using the midsagittal rt-MRI data, described in Chapter 4. The
vocal tract aperture function (AF) was calculated using a GUI in MATLAB (Narayanan et al., 2014) for all
midsagittal images within the vowels’ durations. The AF is calculated by superimposing a semi-polar grid
on an MR image, based on anatomical landmarks selected manually by the user. Boundaries of the vocal
tract are determined based on edge detection algorithms on each line of the grid on the lower and upper
bounds of the vocal tract, which is used to calculate the aperture of the vocal tract along each grid line. This
outputs a function of vocal tract aperture by distance from the glottis (AFx), both given in millimeters. An
example of the semi-polar grid and AF are given in Figure 5.1. Speaker BP07’s data is omitted from this
analysis, due to issues with alignment of the midsagittal single slice.
5.1 GAM
A generalized additive model (GAM) using the mgcv package (Wood and Wood, 2017) in R (R Core Team,
2016) was fit to the AF data to determine the effect of different conditions on AF values, as a function of AFx.
Ten (AFx, AF) pairs were taken at normalized intervals throughout the vowels’ normalized durations. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), speaker, gender, repetition number, and proportion of vowel duration (value given between 0 and 1).
Results of the GAM are summarized in Table 5.1. The model output accounted for 62.3% of the deviance in
the data. Vowel, nasality condition, speaker and gender all were significant effects on AF, but there was no
effect of proportion of vowel duration. While this could be interpreted as a lack of significance of the temporal
differences between vowels, it is possible that these differences are small compared to distinctions between
vowel and nasality conditions. Further investigation was therefore necessary to determine the relationship
between these factors.
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(a) Semi-polar grid on the vocal tract, from the rt-MRI
GUI.
(b) Aperture function of the vocal tract, from the rt-MRI
GUI.
Figure 5.1: Examples of the outputs of the rt-MRI GUI.
5.2 Principal Component-based Analysis of Articulators
In order to determine the articulators responsible for the most variability between vowel categories and
nasality conditions, the AF data for the image found at the middle of each vowel was included in a principal
components analysis (PCA). A separate PCA was conducted for each speaker, due to individual differences in
vocal tract configuration. As described below, the first three principal components (PCs) are probabilistically
interpretable as distinct articulators, or at least vocal tract regions. The articulatory meanings of each of
these PCs was determined based on the strength of correlation between the gridlines and loadings of a
given PC. Gridlines were considered to be part of the articulatory interpretation of a given PC based on a
PC loading threshold of 0.25 (absolute value). This threshold was chosen based on a manual inspection of
the data—the highest loadings for most speakers were less than 0.4 (absolute value), and gridlines falling
above the 0.25 threshold grouped together, while those below the threshold were distributed randomly across
gridlines. Following this, the articulators that showed the highest amount of correlation were extracted for
a time-dynamic analysis. Data from the appropriate gridlines were taken throughout the vowels’ normalized
durations, and converted into an area value (AV) for each image. The AV was determined by taking the
trapezoidal area beneath each gridline, based on the aperture at that gridline and the one before, and the
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EDF: s(AFx) 0.48 (0.48)∗∗∗
EDF: s(AFx):Vowela 8.72 (8.72)∗∗∗
EDF: s(AFx):Voweli 8.72 (8.72)∗∗∗
EDF: s(AFx):Vowelu 8.72 (8.72)∗∗∗
EDF: s(AFx):SexF 8.61 (8.62)∗∗∗
EDF: s(AFx):SexM 0.62 (0.62)∗∗∗
EDF: s(AFx):Nasalitynasal 4.66 (4.75)∗∗∗
EDF: s(AFx):Nasalitynasal final 8.24 (8.28)∗∗∗
EDF: s(AFx):Nasalitynasalized 8.11 (8.17)∗∗∗
EDF: s(AFx):Nasalityoral 5.81 (5.91)∗∗∗
EDF: s(Speaker) 4.99 (10.00)∗∗∗
EDF: s(ImgNoDur) 1.00 (1.00)
EDF: s(Speaker,AFx) 100.98 (106.00)
EDF: s(Sex) 0.00 (2.00)∗∗∗










Num. smooth terms 15
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.1: Results of the GAM for all AF data (all speakers).
the length of the kth gridline, and h is the distance between the kth and k + 1th gridline. Therefore, AV is
a measure of openness in the particular vocal tract region.
For most of the speakers, the first five PCs accounted for 80% or more of the total variance. However,
only the first three PCs were generally interpretable as articulators or vocal tract regions, and therefore PC4
and PC5 were not included in further analysis. Table 5.2 shows the proportional and total variance for the
first five PCs for each speaker. Figure 5.2 shows the scores for PC1–3 plotted against one another for oral
vowels, by speaker. These plots display the relationship between the vowel categories /a/, /i/, and /u/ in
a three-dimensional PC space, rather than in the larger space based on AF, and therefore can indicate the
expected relationship between vocal tract regions based on the physiological interpretations of PC loadings.
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The AV values were plotted over time using smoothing spline anova (ssanova) and compared within
vowel categories to further examine spatiotemporal characteristics of these vocal tract regions/vocal tract
regions. Unlike conventional anova, ssanova does not generate a test statistic. Rather, Bayesian confidence
intervals are built around the splines fit to the data. If the confidence intervals do not overlap, the differences
between the splines are considered significant (Davidson, 2006; Freeman, 2014; Fruehwald, 2010).
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PC1 PC2 PC3 PC4 PC5
SD 3.1504 2.1290 1.9509 1.32967 1.2449
BP02 Prop 0.3676 0.1679 0.1410 0.06548 0.0574
CumProp 0.3676 0.5355 0.6764 0.74191 0.7993
SD 3.3266 2.3357 1.45059 1.37079 1.11850
BP04 Prop 0.4099 0.2021 0.07793 0.06959 0.04633
CumProp 0.4099 0.6119 0.68985 0.75945 0.80578
SD 3.1435 2.3974 1.8845 1.51547 1.27024
BP05 Prop 0.3529 0.2053 0.1268 0.08202 0.05763
CumProp 0.3529 0.5582 0.6850 0.76704 0.82466
SD 3.3491 2.1225 1.8611 1.38471 1.02524
BP06 Prop 0.4154 0.1669 0.1283 0.07102 0.03893
CumProp 0.4154 0.5823 0.7106 0.78160 0.82053
SD 3.2527 2.1699 1.7261 1.42835 1.31194
BP09 Prop 0.3919 0.1744 0.1103 0.07556 0.06375
CumProp 0.3919 0.5663 0.6766 0.75215 0.81590
SD 3.5865 2.4158 1.6201 1.27105 1.15660
BP10 Prop 0.4436 0.2013 0.0905 0.05571 0.04613
CumProp 0.4436 0.6448 0.7353 0.79102 0.83715
SD 3.5717 2.2048 1.7941 1.44163 1.37082
BP14 Prop 0.4115 0.1568 0.1038 0.06704 0.06062
CumProp 0.4115 0.5683 0.6722 0.73920 0.79982
SD 3.5488 2.1927 1.7421 1.41225 1.18451
BP17 Prop 0.4198 0.1603 0.1012 0.06648 0.04677
CumProp 0.4198 0.5800 0.6812 0.74770 0.79447
SD 3.0638 1.8919 1.6975 1.2825 1.15656
BP18 Prop 0.3755 0.1432 0.1153 0.0658 0.05351
CumProp 0.3755 0.5187 0.6339 0.6997 0.75322
SD 3.3173 2.1101 1.7388 1.48539 1.32530
BP19 Prop 0.3668 0.1484 0.1008 0.07355 0.05855
CumProp 0.3668 0.5152 0.6160 0.68957 0.74811
SD 2.9802 2.1603 1.58996 1.36009 1.18286
BP20 Prop 0.3416 0.1795 0.09723 0.07115 0.05381
CumProp 0.3416 0.5211 0.61833 0.68948 0.74329
SD 2.6174 1.8775 1.6628 1.39658 1.1395
BP21 Prop 0.2854 0.1469 0.1152 0.08127 0.0541
CumProp 0.2854 0.4323 0.5475 0.62879 0.6829
SD 3.2423 2.1673 1.7265 1.38987 1.2072
Average Prop 0.3818 0.1711 0.1090 0.07038 0.0531
CumProp 0.3818 0.5528 0.6619 0.73230 0.7854
Table 5.2: Summary of standard deviation (SD), proportion of variance (Prop) and cumulative proportion
of variance (CumProp) for the first five PCs, by speaker.
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(a) PCs 1–3 for oral vowels for speaker BP02. (b) PCs 1–3 for oral vowels for speaker BP04.
(c) PCs 1–3 for oral vowels for speaker BP05. (d) PCs 1–3 for oral vowels for speaker BP06.
(e) PCs 1–3 for oral vowels for speaker BP09. (f) PCs 1–3 for oral vowels for speaker BP10.
Figure 5.2: PCs 1–3 for oral vowels, by speaker.
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(g) PCs 1–3 for oral vowels for speaker BP14. (h) PCs 1–3 for oral vowels for speaker BP17.
(i) PCs 1–3 for oral vowels for speaker BP18. (j) PCs 1–3 for oral vowels for speaker BP19.
(k) PCs 1–3 for oral vowels for speaker BP20. (l) PCs 1–3 for oral vowels for speaker BP21.
Figure 5.2 (cont.)
44
Figure 5.3: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP02. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
5.2.1 PC1
BP02
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.3
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong positive
correlation with aperture of the hyperpharyngeal region and a strong negative correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the hyperpharyngeal region expands (i.e., higher AF)
and the tongue blade region becomes more constricted (i.e., lower AF). Therefore, a higher PC1 for high
vowels (/u/ and /i/), and a lower PC1 for low vowels (/a/) is expected. This pattern is seen in Figure 5.2a.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.3. For the hyperpharyngeal region, vowel
identity and nasality condition had significant effects on AV over time. Repetition number and point in time
was not seen to have a significant effect on AV data. For the tongue dorsum region, vowel identity, nasality
condition and time had significant effects on AV over time, while repetition number did not.
The AV values were plotted over time using smoothing spline anova (ssanova) and compared within
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hyperpharynx tongue blade
(Intercept) 188.51 (1.19)∗∗∗ 195.88 (0.68)∗∗∗
Voweli −104.63 (1.19)∗∗∗ 46.10 (0.67)∗∗∗
Vowelu −73.26 (1.18)∗∗∗ 12.98 (0.67)∗∗∗
Nasalitynasal final −6.88 (1.37)∗∗∗ −6.91 (0.77)∗∗∗
Nasalitynasalized 2.13 (1.36) −4.24 (0.77)∗∗∗
Nasalityoral 28.90 (1.38)∗∗∗ −7.48 (0.78)∗∗∗
EDF: s(Time) 0.63 (0.63) 2.45 (3.14)∗∗∗
EDF: s(Time):Vowela 3.23 (4.02)∗∗∗ 0.74 (0.74)∗∗∗
EDF: s(Time):Voweli 1.32 (1.68) 2.67 (3.38)∗∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)
EDF: s(Time):Nasalitynasal 3.23 (4.01)∗∗∗ 0.79 (0.79)∗
EDF: s(Time):Nasalitynasal final 1.93 (2.46) 2.52 (3.19)∗∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)∗∗∗ 0.94 (1.06)
EDF: s(Time):Nasalityoral 1.58 (2.02)∗ 1.88 (2.39)∗∗
EDF: s(RepNo) 0.00 (1.00) 0.04 (1.00)
AIC 32733.11 28802.65
BIC 32858.66 28923.97
Log Likelihood -16346.11 -14381.57
Deviance 2740803.87 872912.01
Deviance explained 0.74 0.61
Dispersion 802.68 255.59
R2 0.74 0.61
GCV score 807.25 257.00
Num. obs. 3434 3434
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.3: Results of the GAMs run on the articulatory correlates of PC1 for BP02.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.4: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP02).
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vowel categories to further examine spatiotemporal characteristics of these vocal tract regions. As PC1 repre-
sents two related but distinct regions of the vocal tract, AV values were calculated for both the hyperpharynx
and the tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.4.
For /a/, similar results are seen over time as for the PC1 loadings based on the vowel midpoint—oral
/a/ shows a more constricted hyperpharynx (i.e., lower AV) than the nasal and word-final nasal /ã/, with
the nasalized [ã] showing values between those of the oral and nasal vowels. However, the AV contour for
the nasalized vowel is closer to those of the phonemic nasal vowels than the oral vowel. Conversely, oral
/a/ shows a much higher AV value over time for the tongue blade, indicating a much lower tongue blade
position. The nasal and word-final nasal vowels show much lower AV values, indicating an overall higher
tongue blade position, with the nasalized vowel showing an intermediate position.
For /i/, a more constricted hyperpharynx is seen for the oral vowel over time, persisting throughout 2/3
of the vowels’ normalized durations. Nasal and word-final nasal /̃ı/ show higher AV functions in this time
period, with the word-final nasal vowel showing a slightly more constricted hyperpharynx by the end of the
vowels’ durations. The nasalized [̃ı] shows AV values in the hyperpharynx similar to those of the nasal vowels
in the beginning of its duration, but then becomes more expanded by the end of its duration. For the AV
values for the tongue blade, the oral vowel shows a similar pattern to that of the word-final nasal in the first
50% of its duration, but a higher AV than the nasal and word-final nasal vowels by the end of the vowel.
The nasalized vowel shows a consistently lower AV function throughout its normalized duration, indicating
a narrower constriction in the tongue blade region.
For /u/, the oral vowel shows higher AV values throughout time for the hyperpharynx, indicating a wider
hyperpharyngeal opening. The nasalized [ũ] shows an intermediate AV for this region at the beginning and
end of time, though it becomes lower in the middle of its normalized duration. For the tongue blade, the
oral and nasalized vowels pattern similarly, with their AV values above those of the word-final nasal /ũ/.
The word-medial nasal /ũ/, however, begins with a much higher AV (indicating a lower tongue blade) and
rapidly falls throughout time.
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Figure 5.5: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP04. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP04
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.5 shows
the AF of representative oral vowels in relation to PC1. PC1 shows a strong negative correlation with
aperture of the hyperpharyngeal region. Therefore, as PC1 increases, the hyperpharyngeal region becomes
more constricted, manifesting a lower AF value. Therefore, a lower PC1 for high vowels (/u/ and /i/), and
a higher PC1 for low vowels (/a/) is expected. This pattern is seen in Figure 5.2b.
A GAM was fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
region as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration.
The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-
final nasal), and repetition number as variables. Results for the GAM for the hyperpharyngeal region are
found in Table 5.4. Vowel identity and nasality condition had significant effects on AV over time. Repetition
number did not have a significant effect on AV. For the tongue blade region, vowel identity, nasality condition
and time had significant effects on AV over time, while repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. Results for the AV functions for the
hyperpharyngeal region is shown in Figure 5.6.
For the vowel category /a/, oral vowels show the lowest AV over time, consistent with the most constricted






Nasalitynasal final −5.82 (1.30)∗∗∗
Nasalitynasalized −18.86 (1.32)∗∗∗
Nasalityoral −16.15 (1.32)∗∗∗
EDF: s(Time) 0.63 (0.63)∗
EDF: s(Time):Vowela 2.61 (3.32)∗∗∗
EDF: s(Time):Voweli 2.07 (2.65)∗∗
EDF: s(Time):Vowelu 1.84 (2.36)
EDF: s(Time):Nasalitynasal 1.99 (2.54)∗∗∗
EDF: s(Time):Nasalitynasal final 2.98 (3.76)
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 0.79 (0.79)










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.4: Results of the GAM run on the articulatory correlate of PC1 for BP04.
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Figure 5.6: AV values over time for the hyperpharyngeal region, the vocal tract region strongly correlated
with PC1 (speaker BP04).
ized [ã] manifests an intermediate AV contour for hyperpharyngeal area, though the AV contour is closer to
that of the oral vowel than the nasal vowels.
For the category /i/, the oral vowel shows a lower AV for the hyperpharyngeal region over time than the
word-medial nasal vowel, which has the highest AV for this region. The nasalized /̃ı/ shows an intermediate
AV for hyperpharyngeal constriction. Interestingly, the word-final nasal vowel manifests the lowest AV value
over time.
For the vowel category /u/, the oral vowel maintains the highest AV over time, correlated with the widest
hyperpharyngeal region. Nasal and word-final nasal vowels show lower AV contours, with the word-medial
nasal maintaining the lowest AV overall. The nasalized vowel maintains an intermediate AV across time.
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Figure 5.7: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP05. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP05
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.7
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong negative
correlation with aperture of the hyperpharyngeal region and a strong positive correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region expands (i.e., higher AF)
and the hyperpharyngeal region becomes more constricted (i.e., lower AF). Therefore, a lower PC1 for high
vowels (/u/ and /i/), and a higher PC1 for low vowels (/a/) is expected. This pattern is seen in Figure 5.2c.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.5. For the hyperpharyngeal region, vowel
condition and nasality had a significant effect on AV, while time and repetition number were not significant
effects. For the tongue blade region, time, nasality and vowel all had effects on AV, as did repetition number.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. As PC1 represents two related but
distinct regions of the vocal tract, AV values were calculated for both the hyperpharynx and the tongue
blade regions. Results for the AV functions for these regions are shown in Figure 5.8.
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hyperpharynx tongue blade
(Intercept) 282.37 (0.84)∗∗∗ 260.21 (1.09)∗∗∗
Voweli 57.86 (0.72)∗∗∗ −181.08 (0.82)∗∗∗
Vowelu 15.73 (0.73)∗∗∗ −61.16 (0.83)∗∗∗
Nasalitynasal final 20.39 (0.83)∗∗∗ 19.43 (0.94)∗∗∗
Nasalitynasalized 10.53 (0.84)∗∗∗ 29.45 (0.96)∗∗∗
Nasalityoral 46.29 (0.84)∗∗∗ 40.72 (0.96)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗
EDF: s(Time):Vowela 3.46 (4.36)∗ 5.11 (6.27)∗∗∗
EDF: s(Time):Voweli 2.11 (2.70)∗ 4.13 (5.15)∗∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)
EDF: s(Time):Nasalitynasal 1.59 (2.03) 3.26 (4.11)∗∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗∗ 3.61 (4.53)∗∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalityoral 2.47 (3.13)∗∗ 3.84 (4.81)∗∗∗
EDF: s(RepNo) 0.45 (1.00) 0.97 (1.00)∗∗∗
AIC 35555.46 36642.67
BIC 35681.81 36832.63
Log Likelihood -17757.72 -18291.25
Deviance 1440840.92 1871542.95
Deviance explained 0.72 0.93
Dispersion 354.80 462.01
R2 0.72 0.93
GCV score 356.46 465.32
Num. obs. 4080 4080
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.5: Results of the GAMs run on the articulatory correlates of PC1 for BP05.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.8: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP05).
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For the vowel category /a/, oral vowels show the highest AV over time, consistent with the least con-
stricted hyperpharyngeal region. Nasal and word-final nasal vowels show slightly lower AV values, interpreted
as a more constricted hyperpharyngeal region. Nasalized [ã] manifests a lower AV contour for hyperpharyn-
geal area. Oral /a/ shows a higher AV value over time for the tongue blade, indicating a lower tongue blade
position. The nasal and word-final nasal vowels show lower AV values, indicating an overall higher tongue
blade position, with the nasalized vowel showing the highest AV over time, indicating the lowest tongue
position.
For the category /i/, the oral vowel has the highest AV for the hyperpharyngeal region over time. Word-
medial nasal /̃ı/ shows the lowest AV contour over time, with the word-final nasal manifesting a slightly
higher AV contour over time. The nasalized vowel maintains a wider hyperpharyngeal region over time than
the nasalized vowels, though it is not as wide as the oral vowel. For the AV values for the tongue blade,
the oral vowel shows the highest AV over time, indicating the lowest tongue position. The nasalized vowel
begins to pattern with the nasal vowels in the first 50% of the vowels’ duration, and then maintains a lower
AV than the nasal vowels, indicating a more constricted tongue blade region.
For the vowel category /u/, the oral vowel maintains the highest AV over time, correlated with the
widest hyperpharyngeal region. Nasal and word-final nasal vowels show intermediate AV contours, with the
word-medial nasal maintaining the lower AV overall. The nasalized vowel maintains the lowest AV across
time. The oral vowel shows an overall higher AV for tongue blade beginning at the 25% of vowel duration
mark. (Before that, the word-final nasal vowel shows a higher AV.) Nasalized /u/ shows an AV contour
similar to that of the word-medial nasal vowel for tongue blade.
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Figure 5.9: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP06. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP06
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.9
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong positive
correlation with aperture of the hyperpharyngeal region and a strong negative correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes more constricted
(i.e., lower AF) and the hyperpharyngeal region becomes less constricted (i.e., high AF). Therefore, a higher
PC1 for high vowels (/u/ and /i/), and a lower PC1 for low vowels (/a/) is expected. This pattern is seen
in Figure 5.2d.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.6. For the hyperpharyngeal region, vowel
quality and nasality were significant indicators of AV change, while time was not. For the tongue blade
region, all vowel qualities showed significant effects on AV, as did time.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for both the
hyperpharynx and the tongue blade regions. Results for the AV functions for these regions are shown in
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hyperpharynx tongue blade
(Intercept) 231.38 (0.75)∗∗∗ 197.44 (1.15)∗∗∗
Voweli 57.43 (0.60)∗∗∗ −53.69 (0.97)∗∗∗
Vowelu 31.80 (0.60)∗∗∗ 7.07 (0.98)∗∗∗
Nasalitynasal final 21.85 (0.70)∗∗∗ −21.51 (1.13)∗∗∗
Nasalitynasalized 3.50 (0.70)∗∗∗ 1.22 (1.14)
Nasalityoral −2.53 (0.69)∗∗∗ −12.52 (1.12)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗
EDF: s(Time):Vowela 0.74 (0.74) 0.74 (0.74)∗∗∗
EDF: s(Time):Voweli 4.27 (5.33)∗ 0.74 (0.74)
EDF: s(Time):Vowelu 1.07 (1.32) 2.55 (3.24)∗∗
EDF: s(Time):Nasalitynasal 1.78 (2.27)∗∗∗ 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 0.85 (0.90)
EDF: s(Time):Nasalityoral 1.59 (2.04) 0.79 (0.79)∗∗∗
EDF: s(RepNo) 0.79 (1.00)∗ 0.56 (1.00)
AIC 40582.06 45203.20
BIC 40707.90 45303.04
Log Likelihood -20271.58 -22586.17
Deviance 1361350.60 3589234.58
Deviance explained 0.70 0.53
Dispersion 286.21 753.95
R2 0.70 0.53
GCV score 287.32 756.24
Num. obs. 4775 4775
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.6: Results of the GAMs run on the articulatory correlates of PC1 for BP06.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.10: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP06).
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Figure 5.10.
For /a/, the oral vowels show the lowest hyperpharyngeal AV measure, consistent with a more constricted
hyperpharynx. The nasal vowels show the highest AV values, with the word-medial nasal having a higher AV
for the beginning of normalized duration and a lower AV for the end of normalized duration. The nasalized
vowel shows an intermediate AV measure between the oral and nasal vowels. For tongue blade, the oral vowel
shows the highest AV measure, meaning it shows the widest opening of the four conditions. The nasalized
vowel shows a low AV measure, consistent with that of the word-final nasal vowel. The word-medial nasal
maintains an intermediate AV contour.
For /i/, the nasal vowels show the low tongue-body AV contours, with the word-medial nasal maintaining
the lowest AV measure. The nasalized vowel maintains a higher AV contour than the oral vowel, which is
intermediate between the word-final nasal and nasalized vowels. The oral vowel shows the most constricted
AV for hyperpharyngeal region, whereas the word-final nasal vowel shows the widest hyperpharyngeal region.
The word-medial and nasalized vowels manifest higher AV contours than the oral vowel, but much lower
contours than the word-final nasal vowel.
For /u/, the oral vowel maintains a lower oral AV contour for tongue blade constriction, while the nasal
vowels show higher AV contours. The word-medial nasal vowel shows the highest AV measures over time.The
nasalized vowel [ũ] shows intermediate AV values over time. For the hyperpharyngeal region, the oral vowel
shows the highest AV contour over time, though the confidence intervals overlap with that of the word-final
nasal vowel throughout the first 50% of the vowels’ duration, implying lack of statistically significant differ-
ences between the two nasality conditions. In addition, the nasalized vowel displays overlapping confidence
intervals with the word-final nasal, though the contour is lower than that of the word-final nasal. The
word-medial nasal vowel maintains a much lower AV contour.
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Figure 5.11: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP09. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP09
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.11
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong negative
correlation with aperture of the hyperpharyngeal region and a strong positive correlation with aperture of the
tongue blade and tip. Therefore, as PC1 increases, the tongue blade and tip regions become less constricted
(i.e., higher AF) and the hyperpharyngeal region becomes more constricted (i.e., lower AF). Therefore, a
lower PC1 for high vowels (/u/ and /i/), and a higher PC1 for low vowels (/a/) is expected. A low PC1 is
seen for /i/ and a high PC1 for /a/, but for /u/, a high PC1 is seen as well, potentially due to higher AF
measures in the tongue tip region. These patterns are shown in Figure 5.2e.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal,
tongue blade, and tongue tip regions, as a function of time. Ten AV points were taken at normalized time
points from each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral,
nasalized, word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for
the hyperpharyngeal, tongue blade, and tongue tip regions are found in Table 5.7. For the hyperpharyngeal
region, vowel quality and nasality all showed significant differences from the baseline for AV, except for the
oral vowel quality. Time and repetition number also had a significant effect on AV. For the tongue blade
region, vowel quality had a significant effect on AV, and all nasality conditions except for nasalized showed a
significant difference from the baseline. Time and repetition number did not show a significant effect on AV.
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hyperpharynx tongue blade tongue tip
(Intercept) 221.08 (1.17)∗∗∗ 194.17 (0.98)∗∗∗ 142.30 (0.69)∗∗∗
Voweli 34.81 (0.90)∗∗∗ −114.44 (0.81)∗∗∗ −28.94 (0.69)∗∗∗
Vowelu −10.19 (0.90)∗∗∗ −32.24 (0.81)∗∗∗ −16.02 (0.69)∗∗∗
Nasalitynasal final 4.85 (1.03)∗∗∗ −4.88 (0.92)∗∗∗ −9.71 (0.79)∗∗∗
Nasalitynasalized 11.78 (1.04)∗∗∗ 1.07 (0.94) 0.78 (0.80)
Nasalityoral −1.69 (1.03) 36.20 (0.93)∗∗∗ 17.52 (0.79)∗∗∗
EDF: s(Time) 0.63 (0.63)∗∗∗ 0.63 (0.63) 0.95 (1.18)∗
EDF: s(Time):Vowela 1.97 (2.52)∗∗∗ 0.74 (0.74) 0.74 (0.74)
EDF: s(Time):Voweli 0.74 (0.74)∗∗∗ 2.66 (3.38)∗∗∗ 0.74 (0.74)
EDF: s(Time):Vowelu 1.49 (1.92) 2.09 (2.67)∗∗ 0.74 (0.74)
EDF: s(Time):Nasalitynasal 0.79 (0.79) 2.92 (3.69)∗∗∗ 1.59 (2.03)∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79) 0.79 (0.79)∗∗∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 1.72 (2.20) 0.79 (0.79)∗∗
EDF: s(Time):Nasalityoral 3.37 (4.24)∗∗∗ 0.79 (0.79)∗∗ 0.79 (0.79)
EDF: s(RepNo) 0.98 (1.00)∗∗∗ 0.67 (1.00) 0.00 (1.00)
AIC 27622.94 26965.73 25959.21
BIC 27735.01 27086.67 26044.52
Log Likelihood -13792.93 -13462.85 -12965.49
Deviance 1289148.49 1042737.89 757455.19
Deviance explained 0.53 0.89 0.49
Dispersion 416.60 337.13 244.43
R2 0.52 0.89 0.49
GCV score 418.96 339.20 245.46
Num. obs. 3112 3112 3112
Num. smooth terms 9 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.7: Results of the GAMs run on the articulatory correlates of PC1 for BP09.
For the tongue tip region, vowel quality had a significant effect on AV, and all nasality conditions except for
nasalized showed a significant difference from the baseline. Time showed a significant effect, while repetition
number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these AV values over time for the vocal tract regions. AV values
were calculated for the hyperpharynx, tongue tip, and tongue blade regions. Results for the AV functions
for these regions are shown in Figure 5.12.
For /a/, the oral vowel shows the highest AV across time for the hyperpharyngeal region. The word-medial
and word-final nasal vowels show significantly lower AV contours, with the nasalized vowel maintaining AV
values between the two nasal vowels for the first half of normalized duration, and statistically similar to
the word-final nasal vowel for the end of normalized duration. For the tongue blade, the oral vowel shows
the least constriction over time (i.e., highest AV contour), with the nasal vowels maintaining lower AV
contours over time. The nasalized vowel maintains an intermediate AV contour to the oral and nasal vowels.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.12: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP09).
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(c) AV for the tongue tip over time, by vowel.
Figure 5.12 (cont.)
For the tongue tip region, there is a much smaller difference between the nasal and nasalized vowels, with
the nasalized vowel maintaining an AV contour between the two nasal vowels (with the word-medial nasal
maintaining a lower AV contour. The oral /a/ maintains a higher AV contour than the other vowels, though
the difference is much less robust than that of the tongue blade region.
For /i/, the word-final nasal vowel maintains the highest AV contour for the hyperpharyngeal region
throughout time, while the word-medial nasal vowel maintains the lowest AV contour. The oral vowel and
nasalized vowel show intermediate AV values, with the nasalized vowel maintaining a slightly higher AV
contour than the oral vowel. For the tongue blade region, the AV for the oral vowel begins in a similar
trajectory to that of the nasal vowels, with the word-medial nasal vowel maintaining a slightly higher AV
contour. After 50% of normalized duration, the oral vowel maintains a higher AV than the nasal vowels. The
nasalized vowel maintains a lower AV contour across normalized time. For the tongue tip region, the nasal
vowels maintain a higher AV contour than the oral vowel, though the difference is less robust than that of
the tongue blade region. By the 75% mark of normalized time, the oral vowel’s AV contour is intermediate
to the two nasal vowels. Once again, the nasalized vowel maintains the lowest AV contour over time for the
tongue tip region.
For /u/, the oral vowel maintains a low AV contour for the hyperpharyngeal region, with the nasalized
vowel maintaining the highest AV contour over time. The word-medial nasal vowel manifests an AV contour
slightly lower than that of the nasalized vowel, with the word-final nasal vowel maintaining an AV contour
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slightly higher than that of the oral vowel. The oral vowel maintains a higher AV contour in the tongue
blade and tip regions. The word-final nasal maintains the lowest AV contour throughout time for the tongue
blade and tip regions. The nasalized and word-medial nasal vowels maintain intermediate tongue blade and
tip positions. For the tongue blade, the nasalized vowel maintains a slightly lower AV for the first 25% of
the vowel’s duration, and a higher AV for the rest of the vowels’ normalized durations. For the tongue tip
region, the word-medial nasal maintains a slightly higher AV across time compared to the nasalized vowel.
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Figure 5.13: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP10. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP10
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.13
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong positive
correlation with aperture of the hyperpharyngeal region and a strong negative correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes more constricted
(i.e., lower AF) and the hyperpharyngeal region becomes less constricted (i.e., high AF). Therefore, a higher
PC1 for high vowels (/u/ and /i/), and a lower PC1 for low vowels (/a/) is expected. This pattern is seen
in Figure 5.2f.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.8. Time, vowel quality and nasality condition
both had significant effects on both hyperpharyngeal and tongue blade AV, while repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.14.
For /a/, the word-final nasal vowel maintains the highest AV across time for the hyperpharyngeal region.
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hyperpharynx tongue blade
(Intercept) 172.93 (0.49)∗∗∗ 217.26 (1.01)∗∗∗
Voweli 27.98 (0.50)∗∗∗ −85.40 (1.01)∗∗∗
Vowelu 5.58 (0.50)∗∗∗ −21.97 (1.01)∗∗∗
Nasalitynasal final 12.11 (0.58)∗∗∗ −30.42 (1.17)∗∗∗
Nasalitynasalized −2.68 (0.57)∗∗∗ −5.27 (1.16)∗∗∗
Nasalityoral 3.59 (0.57)∗∗∗ −27.88 (1.16)∗∗∗
EDF: s(Time) 2.53 (3.23)∗∗ 0.64 (0.65)∗∗
EDF: s(Time):Vowela 0.74 (0.74) 1.64 (2.12)
EDF: s(Time):Voweli 2.50 (3.15)∗∗∗ 0.74 (0.74)
EDF: s(Time):Vowelu 0.74 (0.74) 2.12 (2.71)∗∗∗
EDF: s(Time):Nasalitynasal 1.32 (1.67) 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 2.36 (2.97)∗∗∗ 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalityoral 0.79 (0.79) 1.45 (1.85)∗∗
EDF: s(RepNo) 0.00 (1.00) 0.00 (1.00)
AIC 31632.81 37308.76
BIC 31750.81 37409.17
Log Likelihood -15797.65 -18638.42
Deviance 646438.71 2688807.54
Deviance explained 0.53 0.69
Dispersion 162.90 677.10
R2 0.53 0.69
GCV score 163.63 679.66
Num. obs. 3986 3986
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.8: Results of the GAMs run on the articulatory correlates of PC1 for BP10.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.14: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP10).
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The nasalized vowel maintains a low AV contour, though it becomes slightly higher than that of the word-
medial nasal vowel at the 50% point of normalized duration. The word-medial nasal and oral vowels begin
with the same AV trajectory, but after the vowel midpoint, the oral vowel maintains higher AV values. For
the tongue blade, the oral vowel maintains a higher AV contour, interpreted as a more open tongue blade
region. The nasalized vowel maintains the lowest AV values over time, with the nasal vowels maintaining
values in between the oral and nasalized vowels (word-medial nasal having a higher AV than word-final
nasal).
For /i/, the oral vowel maintains the lowest AV over time for the hyperpharyngeal region. The word-
final nasal and word-medial nasal vowels maintain slightly higher AV contours, with the nasalized vowel
manifesting the highest AV for nasalized [̃ı] over time. For the tongue blade region, the nasalized vowel once
again shows the highest AV, with the oral vowel slightly below that. The nasal vowels maintain lower AV
contours, with the word-medial nasal vowel maintaining an overall lower contour throughout time.
For /u/, the oral and word-final nasal vowels maintain a relatively high AV contour for the hyperpha-
ryngeal region, with their confidence intervals overlapping throughout time starting at the 25% point of
normalized time. The word-medial nasal and nasalized vowels maintain a lower AV, with the nasalized
vowel maintaining the lowest AV (i.e., greatest amount of constriction). For the tongue blade region, the
oral vowel maintains the lowest AV contour, with the nasalized vowel manifesting AV values across time
intermediate to the word-medial (highest) and word-final nasal vowel values.
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Figure 5.15: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP14. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP14
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.15
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong negative
correlation with aperture of the hyperpharyngeal region and a strong positive correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes less constricted
(i.e., higher AF) and the hyperpharyngeal region becomes more constricted (i.e., lower AF). Therefore, a
lower PC1 for high vowels (/u/ and /i/), and a higher PC1 for low vowels (/a/) is expected. This pattern
is seen in Figure 5.2g.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.9. For the hyperpharyngeal region, vowel
quality showed a significant effect on AV. There were significant differences between the baseline and all
nasality conditions except for word-final nasal. While time showed a significant effect on AV, repetition
number did not. For the tongue blade region, vowel quality and nasality were both significant factors in AV
change. Time and repetition number did not show a significant effect on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hyperpharynx tongue blade
(Intercept) 298.38 (1.00)∗∗∗ 334.39 (1.30)∗∗∗
Voweli 97.51 (1.01)∗∗∗ −242.51 (1.12)∗∗∗
Vowelu 41.53 (0.99)∗∗∗ −107.59 (1.10)∗∗∗
Nasalitynasal final −0.32 (1.16) −5.49 (1.28)∗∗∗
Nasalitynasalized 10.47 (1.15)∗∗∗ 12.12 (1.28)∗∗∗
Nasalityoral −14.92 (1.15)∗∗∗ 2.66 (1.27)∗
EDF: s(Time) 0.63 (0.63)∗∗∗ 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74)∗∗∗ 5.24 (6.41)∗∗∗
EDF: s(Time):Voweli 3.16 (3.99)∗∗∗ 6.29 (7.45)∗∗∗
EDF: s(Time):Vowelu 1.52 (1.96) 0.74 (0.74)
EDF: s(Time):Nasalitynasal 0.79 (0.79)∗∗∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 0.79 (0.79) 3.72 (4.65)∗
EDF: s(Time):Nasalitynasalized 2.33 (2.96)∗∗ 0.79 (0.79)
EDF: s(Time):Nasalityoral 2.61 (3.30)∗∗∗ 7.17 (8.15)∗∗∗
EDF: s(RepNo) 0.00 (1.00) 0.50 (1.00)
AIC 42439.52 43379.99
BIC 42564.95 43590.62
Log Likelihood -21200.19 -21657.14
Deviance 3324746.88 4075434.69
Deviance explained 0.70 0.92
Dispersion 743.72 914.36
R2 0.70 0.92
GCV score 746.81 920.90
Num. obs. 4489 4489
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.9: Results of the GAMs run on the articulatory correlates of PC1 for BP14.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.16: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP14).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.16.
For /a/, the oral vowel maintains a much lower AV contour throughout time for the hyperpharyngeal
region. The nasalized, word-medial, and word-final nasal vowels all maintain similar AV contours throughout
their durations, with overlapping confidence intervals indicating a lack of statistically significant difference.
For the tongue blade region, the opposite pattern is seen—the oral vowel maintains a higher AV contour
than the other three vowel qualities, with the nasalized, word-medial nasal and word-final nasal contours
maintaining overlapping confidence intervals.
For /i/, the oral vowel maintains an AV only slightly lower than that of the word-final nasal and nasal-
ized vowels for the hyperpharyngeal region. The word-final nasal and nasalized vowels maintain generally
overlapping AV contours. The word-medial nasal maintains a higher AV contour throughout time for the
hyperpharynx. In the tongue blade region, the word-medial nasal begins with a high AV, which rapidly falls
to be lower than that of the oral and nasalized vowels. The word-final nasal vowel maintains a lower AV
throughout time. The nasalized vowel maintains a higher AV contour than the oral vowel for the first 75%
of the vowels’ normalized durations, after which the oral vowel manifests a higher AV contour.
For /u/, the oral vowel maintains a slightly higher AV contour than the nasalized vowel for the hyper-
pharyngeal region. The nasal vowels both maintain a lower AV contour than those of the oral and nasalized
vowels, throughout time. For the tongue blade region, the oral vowel maintains a low AV contour, while the
nasalized vowel maintains the highest AV contour of the three vowel nasality conditions. The nasal vowels
maintain medial values for AV throughout time.
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Figure 5.17: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP17. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP17
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.17
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong positive
correlation with aperture of the hyperpharyngeal region and a strong negative correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes more constricted
(i.e., lower AF) and the hyperpharyngeal region becomes less constricted (i.e., lower AF). Therefore, a higher
PC1 for high vowels (/u/ and /i/), and a lower PC1 for low vowels (/a/) is expected. This pattern is seen
in Figure 5.2h.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.10. Time, nasality, vowel quality and
repetition number all showed significant effects on AV for the tongue blade region. For the hyperpharyngeal
region, significant differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions
except the nasalized condition. Time and repetition number both showed significant effects on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
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hyperpharynx tongue blade
(Intercept) 127.03 (0.54)∗∗∗ 148.17 (0.57)∗∗∗
Voweli 41.01 (0.41)∗∗∗ −33.46 (0.43)∗∗∗
Vowelu 22.30 (0.41)∗∗∗ −7.34 (0.43)∗∗∗
Nasalitynasal final 8.79 (0.48)∗∗∗ −17.29 (0.50)∗∗∗
Nasalitynasalized 0.56 (0.48) −5.39 (0.51)∗∗∗
Nasalityoral −4.19 (0.48)∗∗∗ −8.04 (0.50)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗∗
EDF: s(Time):Vowela 0.85 (0.95) 1.29 (1.65)∗
EDF: s(Time):Voweli 2.08 (2.67)∗∗ 2.82 (3.58)∗∗∗
EDF: s(Time):Vowelu 1.89 (2.43) 1.45 (1.87)∗∗
EDF: s(Time):Nasalitynasal 0.79 (0.79) 1.70 (2.17)∗∗∗
EDF: s(Time):Nasalitynasal final 3.16 (3.98)∗ 2.11 (2.69)∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 0.79 (0.79)
EDF: s(Time):Nasalityoral 3.08 (3.88)∗∗∗ 0.79 (0.79)∗∗∗
EDF: s(RepNo) 0.98 (1.00)∗∗∗ 0.97 (1.00)∗∗∗
AIC 26284.59 26623.74
BIC 26415.66 26744.45
Log Likelihood -13121.05 -13292.30
114 Deviance 349828.69 385473.11
Deviance explained 0.76 0.71
Dispersion 99.67 109.78
R2 0.76 0.71
GCV score 100.25 110.36
Num. obs. 3530 3530
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.10: Results of the GAMs run on the articulatory correlates of PC1 for BP17.
74
(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.18: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP17).
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pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.18.
For /a/, the hyperpharyngeal region is more constricted (i.e., smaller AV) for the oral vowel than for
the other nasality conditions. The nasalized vowel maintains a slightly lower AV than the nasal vowels
throughout the middle 50% of normalized time. At the beginning of time, it is between the nasal vowels,
with the word-final nasal vowel maintaining the highest AV contour. At the end of time, it is statistically
similar to the word-medial nasal vowel. For tongue blade, the oral vowel maintains a similar AV contour
to the word-medial nasal and nasalized vowel, with the nasalized vowel maintaining a slightly lower AV
contour. The word-final nasal vowel maintains a lower AV contour than the other three conditions.
For /i/, The word-final nasal maintains the highest AV contour for the hyperpharyngeal region, while
the word-medial nasal maintains the lowest AV contour. The contours for the oral and nasalized vowels are
found in between those of the nasal vowels, and largely overlap. The tongue blade region shows the oral
vowel maintaining the widest aperture (i.e., the highest AV contour). The nasalized vowels maintain the
lowest AV contours, with the word-final nasal showing the lowest AV contour. The nasalized vowel maintains
an intermediate position, between the oral and word-medial nasal contours.
For /u/, the oral and word-final nasal vowels maintain the highest AV contours, and show overlapping
confidence intervals throughout time. The nasalized vowel shows the lowest AV contour throughout time.
The word-medial nasal vowel maintains an AV contour slightly above that of the nasalized vowel. In the
tongue blade region, the oral vowel maintains the lowest AV contour, with the word-medial vowel manifesting
the highest AV across time. The word-final nasal vowel is higher than that of the oral vowel, with the
nasalized vowel manifesting an AV contour between the two nasal vowels.
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Figure 5.19: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP18. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP18
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.19
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong negative
correlation with aperture of the hyperpharyngeal region and a strong positive correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes less constricted
(i.e., higher AF) and the hyperpharyngeal region becomes more constricted (i.e., higher AF). Therefore, a
lower PC1 for high vowels (/u/ and /i/), and a higher PC1 for low vowels (/a/) is expected. This pattern
is seen in Figure 5.2i.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the hy-
perpharyngeal and tongue blade regions are found in Table 5.11. For the hyperpharyngeal region, significant
differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions except the oral
condition. Time and repetition number both did not show significant effects on AV. For the tongue blade
region, time, repetition number, nasality and vowel were all significant indicators of AV change.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
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hyperpharynx tongue blade
(Intercept) 152.75 (0.45)∗∗∗ 120.87 (0.63)∗∗∗
Voweli 46.80 (0.44)∗∗∗ −59.15 (0.50)∗∗∗
Vowelu 26.05 (0.45)∗∗∗ −23.78 (0.50)∗∗∗
Nasalitynasal final 9.24 (0.51)∗∗∗ −21.46 (0.57)∗∗∗
Nasalitynasalized 10.87 (0.53)∗∗∗ −4.67 (0.59)∗∗∗
Nasalityoral 0.01 (0.51) −2.32 (0.58)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗
EDF: s(Time):Vowela 2.14 (2.73)∗∗ 3.61 (4.53)∗∗∗
EDF: s(Time):Voweli 2.58 (3.28)∗∗∗ 2.66 (3.38)∗∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 1.68 (2.16)∗∗∗
EDF: s(Time):Nasalitynasal 0.79 (0.79)∗∗∗ 2.96 (3.74)∗∗∗
EDF: s(Time):Nasalitynasal final 2.65 (3.35) 0.79 (0.79)∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 0.79 (0.79)
EDF: s(Time):Nasalityoral 1.71 (2.19) 2.36 (2.99)∗∗∗
EDF: s(RepNo) 0.00 (1.00) 0.88 (1.00)∗∗
AIC 21339.53 21988.08
BIC 21452.99 22127.39
Log Likelihood -10650.75 -10970.69
Deviance 273643.98 341672.71
Deviance explained 0.81 0.85
Dispersion 95.55 119.48
R2 0.81 0.85
GCV score 96.15 120.41
Num. obs. 2882 2882
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.11: Results of the GAMs run on the articulatory correlates of PC1 for BP18.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.20: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP18).
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pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.20.
For the vowel category /a/, the oral vowel manifests the lowest values of hyperpharyngeal AV throughout
time. The word-medial and word-final nasal vowels show higher AV contours, with the word-final nasal vowel
maintaining the highest AV contour. The nasalized vowel manifests an AV contour higher than that of the
oral vowel, but lower than those of the nasal vowels. For the tongue blade region, this trend is reversed—the
oral vowel manifests the highest AV contour throughout time, and the nasal vowels manifest the lowest AV
contours. The nasalized vowel’s AV contour falls between that of the oral and nasal vowels.
For the vowel category /i/, the word-medial nasal vowel maintains the lowest AV contour for the hyper-
pharyngeal region. The oral vowel begins with a slightly higher AV contour than the word-medial nasal, then
converges with the word-medial nasal’s AV contour at the 50% mark of normalized duration. The nasalized
vowel maintains the highest AV contour. The word-final nasal vowel maintains the same AV contour for the
first half of duration, then has a lower AV contour for the second half of time, compared to the nasalized
vowel. For the tongue blade region, the word-final nasal maintains the lowest AV contour over time, with
the word-medial nasal maintaining the highest AV contour. The oral vowel’s AV contour is lower than that
of the word-medial nasal vowel, with the nasalized vowel maintaining a tongue blade AV lower than that of
the oral vowel.
For the vowel category /u/, the nasal vowels maintain the lowest hyperpharyngeal AV contours with
the word-medial nasal vowel maintaining the lowest AV contour. The nasalized vowel maintains the highest
AV contour over time, with the oral vowel’s AV contour slightly lower than that of the oral vowel. For the
tongue blade region, the nasalized vowel maintains the highest AV contour over time. The word-medial nasal
maintains an AV contour at the same height as that of the nasalized vowel for the first 25% of normalized
time, and then displays a lower AV contour. The word-final nasal vowel maintains a low AV contour, with
the oral vowel maintaining a higher AV contour for all but the first 25% of normalized time.
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Figure 5.21: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP19. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP19
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.21
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong positive
correlation with aperture of the hyperpharyngeal region and a strong negative correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes more constricted
(i.e., lower AF) and the hyperpharyngeal region becomes less constricted (i.e., lower AF). Therefore, a higher
PC1 for high vowels (/u/ and /i/), and a lower PC1 for low vowels (/a/) is expected. This pattern is seen
in Figure 5.2j.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hyperpharyngeal and tongue blade regions are found in Table 5.12. For the hyperpharyngeal region, signifi-
cant differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions except the
word-final nasal condition. Time and repetition number both did not show significant effects on AV. For
the tongue blade region, time, repetition number, nasality and vowel were all significant indicators of AV
change.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hyperpharynx tongue blade
(Intercept) 80.02 (0.40)∗∗∗ 109.13 (0.45)∗∗∗
Voweli 26.60 (0.38)∗∗∗ −39.87 (0.35)∗∗∗
Vowelu 13.02 (0.38)∗∗∗ −6.22 (0.35)∗∗∗
Nasalitynasal final 0.24 (0.44) −9.59 (0.41)∗∗∗
Nasalitynasalized −2.38 (0.44)∗∗∗ −10.23 (0.41)∗∗∗
Nasalityoral −3.63 (0.44)∗∗∗ −5.06 (0.41)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗
EDF: s(Time):Vowela 2.27 (2.90)∗∗ 2.76 (3.50)∗∗∗
EDF: s(Time):Voweli 0.90 (1.05)∗∗∗ 0.74 (0.74)∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)∗∗∗
EDF: s(Time):Nasalitynasal 0.85 (0.90) 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 0.79 (0.79) 1.93 (2.46)
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 2.68 (3.40)
EDF: s(Time):Nasalityoral 3.18 (4.01) 2.65 (3.35)∗∗∗
EDF: s(RepNo) 0.14 (1.00) 0.85 (1.00)∗
AIC 26623.88 26038.40
BIC 26731.05 26167.07
Log Likelihood -13294.65 -12998.44
Deviance 320860.80 272582.80
Deviance explained 0.58 0.82
Dispersion 88.72 75.44
R2 0.58 0.81
GCV score 89.12 75.85
Num. obs. 3633 3633
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.12: Results of the GAMs run on the articulatory correlates of PC1 for BP19.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.22: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP19).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.22.
For /a/, the nasal vowels maintain the highest hyperpharyngeal AV contours throughout time, with the
word-medial nasal displaying a slightly higher AV contour. The nasalized vowel displays a low AV contour,
with the oral vowel displaying an intermediate AV contour across normalized time. For the tongue blade
region, the oral vowel maintains the highest AV contour over time, with the word-final nasal vowel displaying
the lowest AV contour. The word-medial nasal vowel displays an AV contour slightly lower than that of the
oral vowel. The nasalized vowel’s AV contour is between the two nasal vowels.
For the /i/ category, the nasalized vowel displays the highest AV contour, with the oral vowel displaying
the lowest AV contour for the hyperpharyngeal region. The nasal vowels display overlapping AV contours
slightly higher than that of the oral vowel. In the tongue blade region, the nasalized vowel displays the lowest
AV contour, with the oral and nasal vowels displaying overlapping AV contours, which can be interpreted
as having a lack of significant difference.
For the vowel category /u/, the oral vowel maintains the highest hyperpharyngeal AV contour, with the
nasalized vowel maintaining the lowest AV contour. The nasal vowels display medial AV contours, with the
word-final nasal vowel’s AV contour slightly higher than that of the word-medial nasal vowel. By the end
of normalized duration, the nasal and oral vowels display overlapping confidence intervals. For the tongue
blade region, the oral vowel displays the lowest AV contour, with the nasal vowels displaying the highest AV
contours. The word-medial AV contour displays the highest AV contour throughout time. The nasalized
vowel’s AV contour is higher than that of the oral vowel, and lower than that of the word-final nasal vowel.
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Figure 5.23: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP20. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP20
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.23
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong negative
correlation with aperture of the hyperpharyngeal region and a strong positive correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes less constricted
(i.e., higher AF) and the hyperpharyngeal region becomes more constricted (i.e., higher AF). Therefore, a
lower PC1 for high vowels (/u/ and /i/), and a higher PC1 for low vowels (/a/) is expected. This pattern
is seen in Figure 5.2k.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the hy-
perpharyngeal and tongue blade regions are found in Table 5.13. For the hyperpharyngeal region, significant
differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions except the oral
condition. Time and repetition number both did not show significant effects on AV. For the tongue blade
region, significant differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions
except the nasalized condition. Time and repetition number both showed significant effects on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hyperpharynx tongue blade
(Intercept) 154.07 (0.66)∗∗∗ 157.66 (0.66)∗∗∗
Voweli 29.74 (0.56)∗∗∗ −80.78 (0.52)∗∗∗
Vowelu 29.68 (0.55)∗∗∗ −49.71 (0.51)∗∗∗
Nasalitynasal final 8.12 (0.63)∗∗∗ −4.75 (0.58)∗∗∗
Nasalitynasalized 8.12 (0.65)∗∗∗ 1.10 (0.61)
Nasalityoral −0.52 (0.65) 3.13 (0.60)∗∗∗
EDF: s(Time) 0.63 (0.63) 2.15 (2.77)∗
EDF: s(Time):Vowela 2.04 (2.61)∗∗∗ 2.27 (2.89)∗∗∗
EDF: s(Time):Voweli 1.19 (1.51) 0.74 (0.74)∗∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)
EDF: s(Time):Nasalitynasal 1.90 (2.42)∗∗∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 0.79 (0.79) 2.21 (2.80)
EDF: s(Time):Nasalitynasalized 0.79 (0.79)∗∗ 1.21 (1.51)
EDF: s(Time):Nasalityoral 1.61 (2.06) 0.79 (0.79)∗∗∗
EDF: s(RepNo) 0.61 (1.00) 0.95 (1.00)∗∗∗
AIC 31835.02 31254.15
BIC 31943.47 31372.31
Log Likelihood -15900.22 -15608.23
Deviance 776748.98 669038.33
Deviance explained 0.52 0.87
Dispersion 199.39 171.81
R2 0.52 0.87
GCV score 200.22 172.59
Num. obs. 3912 3912
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.13: Results of the GAMs run on the articulatory correlates of PC1 for BP20.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.24: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP20).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.24.
For /a/, the oral vowel displays a low AV contour for the hyperpharyngeal region. The nasalized vowel
manifests the highest AV contour, with the nasal vowels manifesting overlapping AV contours slightly below
that of the nasalized vowel. For the tongue blade region, the nasalized vowel displays the highest AV contour,
with the oral vowel’s AV contour slightly below that of the nasalized vowel. The nasal vowels manifest lower
AV contours, with the word-final nasal vowel’s AV contour lower than that of the word-medial nasal vowel.
For /i/, the word-medial nasal vowel displays a low AV contour for the hyperpharyngeal region. The
oral, nasalized and word-final nasal vowels’ AV contours overlap in confidence intervals throughout the first
75% of the vowels’ durations, with the word-final nasal vowel displaying a higher AV contour over time for
the last 25% of vowel duration. For the tongue blade region, the word-medial nasal displays the highest AV
contour, and the word-final nasal displays the lowest AV contour. The oral and nasalized vowels’ AV contour
confidence intervals are completely overlapping, and fall between the contours of the two nasal vowels.
For /u/, the oral vowel manifests the highest AV contour in the hyperpharyngeal region. The word-final
nasal vowel’s AV contour is slightly below that of the oral vowel. For the first half of the vowels’ durations,
the nasalized vowel manifests an AV contour higher than that of the word-medial nasal; for the second half
of time, the nasalized vowel’s AV contour is lower than that of the word-medial nasal. For the tongue blade
region, the nasalized vowel’s AV contour is much lower than that of the over vowels. The word-final nasal
vowel manifests the highest AV contour, with the word-medial nasal vowel with lower AV contour values.
The oral vowel’s AV contour is between that of the nasal vowels.
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Figure 5.25: AF for oral vowels and the correlation between each gridline and PC1 loadings, for speaker
BP21. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP21
To determine the articulatory meaning of PC1, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.25
shows the AF of representative oral vowels in relation to PC1. PC1 simultaneously shows a strong positive
correlation with aperture of the hyperpharyngeal region and a strong negative correlation with aperture of
the back of tongue blade. Therefore, as PC1 increases, the tongue blade region becomes more constricted
(i.e., lower AF) and the hyperpharyngeal region becomes less constricted (i.e., lower AF). Therefore, a higher
PC1 for high vowels (/u/ and /i/), and a lower PC1 for low vowels (/a/) is expected. This pattern is seen
in Figure 5.2l.
GAMs were fit to the AV data to determine the effect of different conditions on the hyperpharyngeal
and tongue blade regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the hy-
perpharyngeal and tongue blade regions are found in Table 5.14. For the hyperpharyngeal region, significant
differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions except the oral
condition. Time did not show significant effects on AV, while repetition number did. For the tongue blade
region, significant differences were seen between the baseline (/ã/) and all vowels, and all nasality conditions
except the oral condition. Time and repetition number both showed significant effects on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hyperpharynx tongue blade
(Intercept) 109.66 (0.69)∗∗∗ 267.96 (1.65)∗∗∗
140 Voweli 15.27 (0.54)∗∗∗ −95.50 (1.28)∗∗∗
Vowelu 15.07 (0.54)∗∗∗ −43.80 (1.28)∗∗∗
Nasalitynasal final 2.57 (0.62)∗∗∗ 6.84 (1.46)∗∗∗
Nasalitynasalized 26.72 (0.63)∗∗∗ −23.05 (1.49)∗∗∗
Nasalityoral 0.21 (0.62) 2.45 (1.48)
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗
EDF: s(Time):Vowela 2.01 (2.57)∗ 2.67 (3.39)
EDF: s(Time):Voweli 1.74 (2.24)∗ 4.35 (5.42)∗∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)∗∗∗
EDF: s(Time):Nasalitynasal 0.79 (0.79)∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 2.74 (3.46)∗∗∗ 0.79 (0.79)∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 0.79 (0.79)∗∗
EDF: s(Time):Nasalityoral 0.79 (0.79) 2.53 (3.20)∗
EDF: s(RepNo) 0.94 (1.00)∗∗∗ 0.97 (1.00)∗∗∗
AIC 41720.72 50406.02
BIC 41839.15 50544.52
Log Likelihood -20842.20 -25181.77
Deviance 1199207.63 6773302.35
Deviance explained 0.42 0.56
Dispersion 240.04 1356.63
R2 0.42 0.55
GCV score 240.87 1362.13
Num. obs. 5013 5013
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.14: Results of the GAMs run on the articulatory correlates of PC1 for BP21.
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(a) AV for the hyperpharynx over time, by vowel.
(b) AV for the tongue blade over time, by vowel.
Figure 5.26: AV values over time for the vocal tract regions strongly correlated with PC1 (speaker BP21).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the hyper-
pharynx and tongue blade regions. Results for the AV functions for these regions are shown in Figure 5.26.
For /a/, the oral vowel manifests the highest AV contour in the hyperpharyngeal region. The word-final
nasal and nasalized vowels manifest slightly lower AV contours, with their confidence intervals overlapping.
The word-medial nasal vowel manifests the lowest AV contour for all nasality conditions. For the tongue
blade region, the word-final nasal vowel manifests the highest AV contour, with the word-medial nasal vowel
manifesting the lowest AV contour. The oral and nasalized vowels manifest overlapping contours between
the two nasal vowels.
For /i/, the nasalized vowel manifests the highest AV contour in the hyperpharyngeal region. The word-
medial nasal vowel manifests the lowest AV contour. The oral vowel’s AV contour falls between that of
the word-medial and word-final nasal vowels. For the tongue blade region, the word-medial nasal vowel’s
AV contour is higher than that of the other three nasality conditions, all of which manifest overlapping
confidence intervals.
For /u/, the nasalized vowel manifests the highest AV contour in the hyperpharyngeal region. The word-
final nasal vowel manifests the lowest AV contour. The oral vowel’s AV contour falls between that of the
word-medial and word-final nasal vowels. In the tongue blade region, the word-final nasal vowel manifests
the highest AV contour throughout the first 50% of the vowel’s duration, with the oral vowel’s AV contour
below that of the word-final nasal vowel’s contour. The two switch after the 50% mark. The word-medial
nasal vowel manifests a lower AV contour, with the nasalized vowel’s AV contour being the lowest of all
nasality conditions.
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Figure 5.27: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP02. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
5.2.2 PC2
BP02
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.27
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong negative
correlation with aperture of the hypopharyngeal region and a strong negative correlation with aperture of
the lips. Therefore, as PC2 increases, the labial and hypopharyngeal regions become more constricted (i.e.,
lower AF). Based on the hypopharynx, a lower PC2 for high vowels (/u/ and /i/), and a higher PC2 for low
vowels (/a/) is expected. Based on the lips, a lower PC2 is expected for the low vowel /a/, and a higher
PC2 is expected for the rounded vowel /u/. Figure 5.2a shows higher PC2 loadings for /a/ and /i/, and
lower PC2 loadings for /u/.
GAMs were fit to the AV data to determine the effect of different conditions on the hypopharyngeal and
labial regions, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal,
word-final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal and
labial regions are found in Table 5.15. For the hypopharyngeal region, vowel identity and nasality condition
had significant effects on AV over time. Repetition number and point in time were not seen to have a
significant effect on AV. For the labial region, vowel identity, nasality condition and time had significant
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(a) AV for the hypopharynx over time, by vowel.
(b) AV for the lips over time, by vowel.
Figure 5.28: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP02).
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hypopharynx tongue tip
(Intercept) 263.28 (0.94)∗∗∗ 139.68 (0.89)∗∗∗
Voweli 8.43 (0.75)∗∗∗ −12.99 (0.73)∗∗∗
Vowelu 3.44 (0.75)∗∗∗ −11.06 (0.73)∗∗∗
Nasalitynasal final 14.94 (0.87)∗∗∗ −8.79 (0.84)∗∗∗
Nasalitynasalized −13.41 (0.86)∗∗∗ 6.00 (0.83)∗∗∗
Nasalityoral −26.70 (0.87)∗∗∗ 6.63 (0.84)∗∗∗
EDF: s(Time) 0.63 (0.63) 2.03 (2.62)∗
EDF: s(Time):Vowela 2.64 (3.35)∗∗∗ 0.74 (0.74)∗∗∗
EDF: s(Time):Voweli 0.74 (0.74)∗∗∗ 1.88 (2.41)∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)
EDF: s(Time):Nasalitynasal 2.92 (3.69) 0.81 (0.83)∗
EDF: s(Time):Nasalitynasal final 2.91 (3.67) 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 1.59 (2.04) 2.28 (2.90)∗∗∗
167 EDF: s(Time):Nasalityoral 1.17 (1.45)∗∗∗ 2.13 (2.71)∗
EDF: s(RepNo) 0.79 (1.00)∗ 0.69 (1.00)
AIC 29608.33 29364.12
BIC 29738.05 29481.30
Log Likelihood -14783.04 -14662.98
Deviance 1102857.02 1028370.23
Deviance explained 0.45 0.23
Dispersion 323.05 301.05
R2 0.45 0.22
GCV score 324.96 302.65
Num. obs. 3434 3434
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.15: Results of the GAMs run on the articulatory correlates of PC2 for BP02.
effects on AV over time, while repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharynx and labial regions. Results for the AV functions for these regions are shown in Figure 5.29.
For /a/, the oral vowel maintains the lowest AV contour throughout time for the hypopharyngeal region.
The word-final nasal vowel displays the highest AV contour, with the word-medial nasal vowel displaying
an AV contour between the word-final and oral vowels. The nasalized [ã] displays an AV contour between
the two nasal vowels. For the labial region, the oral vowel displays the widest areas throughout time. The
nasalized vowel displays the most constricted labial region, with the word-final nasal vowel displaying a
slightly higher AV contour. The word-medial nasal vowel’s AV contour is between the oral and word-final
nasal vowels.
For /i/, the oral and nasalized vowels maintain overlapping hypopharyngeal AV contour confidence
intervals throughout time, while the nasal vowels also display overlapping confidence intervals. The oral and
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(a) AV for the hypopharynx over time, by vowel.
(b) AV for the lips over time, by vowel.
Figure 5.29: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP02).
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nasalized vowels’ contours are lower than that of the nasal vowels. For the labial region, the nasalized vowel
maintains the highest AV values throughout time. The other three nasality conditions maintain much lower
AV contours, with the oral vowel’s AV contour slightly higher than that of the nasal vowels.
For /u/, the nasal vowels maintain the highest AV contours for the hypopharyngeal region, with the
word-final nasal vowel maintaining the highest AV contour. The nasalized vowel’s AV contour is lower than
that of the oral vowel. For the labial region, the oral and nasalized vowels maintain similar AV contours.
For the first half of normalized time, the oral vowel maintains a slightly higher AV contour, but then for
the second half of the vowels’ normalized durations, the nasalized vowel’s AV contour is higher. The nasal
vowels’ AV contours are slightly higher than that of the oral and nasalized vowels.
97
Figure 5.30: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP04. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP04
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.30
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong negative
correlation with aperture of the hypopharyngeal region and a strong negative correlation with aperture of
the tongue tip region. Therefore, as PC2 increases, the tongue tip and hypopharyngeal regions become more
constricted (i.e., lower AF). Based on the hypopharynx, a higher PC2 for high vowels (/u/ and /i/), and a
lower PC2 for low vowels (/a/) is expected. Based on the tongue tip, a lower PC2 is expected for the low
vowel /a/, and a higher PC2 is expected for the high vowel /i/. Figure 5.2b shows higher PC2 loadings for
/a/ and /i/, and lower PC2 loadings for /u/.
GAMs were fit to the AV data to determine the effect of different conditions on the hypopharyngeal
and tongue tip regions as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hypopharyngeal and tongue tip regions are found in Table 5.16. For the hypopharyngeal region, vowel
identity and nasality condition had significant effects on AV over time. Repetition number did have a
significant effect on AV. For the tongue tip region, vowel identity, nasality condition and repetition number
had significant effects on AV over time, while time did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hypopharynx tongue tip
(Intercept) 110.89 (0.57)∗∗∗ 208.33 (1.14)∗∗∗
Voweli 22.04 (0.43)∗∗∗ −45.47 (0.86)∗∗∗
Vowelu 27.44 (0.44)∗∗∗ 13.59 (0.86)∗∗∗
Nasalitynasal final −5.38 (0.50)∗∗∗ −25.93 (0.98)∗∗∗
Nasalitynasalized −15.54 (0.50)∗∗∗ −39.82 (0.99)∗∗∗
Nasalityoral −9.73 (0.50)∗∗∗ −36.16 (1.00)∗∗∗
EDF: s(Time) 0.63 (0.63)∗∗ 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74) 2.26 (2.89)∗∗∗
EDF: s(Time):Voweli 2.66 (3.38)∗∗∗ 2.39 (3.05)∗∗∗
EDF: s(Time):Vowelu 0.74 (0.74)∗∗∗ 0.74 (0.74)
EDF: s(Time):Nasalitynasal 0.79 (0.79) 0.79 (0.79)∗
EDF: s(Time):Nasalitynasal final 3.45 (4.33)∗∗∗ 2.13 (2.72)∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 1.35 (1.71)
EDF: s(Time):Nasalityoral 2.79 (3.54)∗∗ 2.11 (2.69)∗
EDF: s(RepNo) 0.95 (1.00)∗∗∗ 0.96 (1.00)∗∗∗
AIC 36038.48 42306.60
BIC 36170.61 42437.68
Log Likelihood -17998.71 -21132.93
Deviance 668351.76 2606453.49
Deviance explained 0.56 0.61
Dispersion 145.72 568.27
R2 0.56 0.61
GCV score 146.34 570.67
Num. obs. 4606 4606
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.16: Results of the GAMs run on the articulatory correlates of PC2 for BP04.
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(a) AV for the hypopharynx over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.31: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP04).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharynx and labial regions. Results for the AV functions for these regions are shown in Figure 5.31.
For /a/, the oral and nasalized vowels maintain the lowest AV contours throughout time for the hypopha-
ryngeal region. The oral AV contour overlaps with that of the nasalized vowel. The nasal vowels maintain
much higher AV contours in comparison. In the tongue tip region, the nasalized vowel maintains the lowest
AV contour. The nasal vowels both maintain higher AV contours, with the oral vowel’s contour slightly
above that of the nasalized vowel.
For /i/, the word-medial nasal vowel manifests the highest AV contour in the hypopharyngeal region.
The other three nasality conditions manifest similar AV contours. The oral vowel’s AV contour is the highest,
with the nasalized vowel’s contour slightly below that of the oral vowel. The word-final nasal vowel’s AV
contour begins in the same range as that of the nasalized vowel and then raises to a similar range to that of
the oral vowel. In the tongue tip region, the oral vowel maintains the highest AV contour throughout time.
The nasalized vowel’s AV contour begins at a similar height as the oral vowel, and then lowers to become
similar to that of the nasal vowels, which maintain lower AV contours.
For /u/, the nasalized vowel maintains the lowest AV contour in the hypopharyngeal region. The word-
medial vowel’s AV contour is slightly above that of the nasalized vowel, with the oral vowel’s AV contour
being higher than that of the word-medial nasal. The word-final nasal vowel begins in a range similar to
that of the nasalized vowel, and then raises to be higher than that of the oral vowel. For the tongue tip
region, the word-medial nasal maintains the highest AV contour, with the word-final nasal’s tongue tip AV
being lower than that of the word-medial nasal. The oral vowel displays the lowest AV contour, with the
nasalized vowel’s AV contour between that of the oral and word-final nasal vowels.
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Figure 5.32: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP05. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP05
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.32
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong negative
correlation with aperture of the hypopharyngeal region and a strong positive correlation with aperture of the
tongue dorsum region. Therefore, as PC2 increases, the hypopharyngeal region becomes more constricted
(i.e., lower AF) and the velar region becomes less constricted (i.e., higher AF). Based on the hypopharynx,
a higher PC2 for high vowels (/u/ and /i/), and a lower PC2 for low vowels (/a/) is expected. Based on the
velar region, a higher PC2 is expected for the low vowel /a/, and a lower PC2 is expected for the high vowel
/u/. Figure 5.2c shows the second pattern—higher PC2 loadings for /a/ and /i/ are seen, as are lower PC2
loadings for /u/.
GAMs were fit to the AV data to determine the effect of different conditions on the hypopharyngeal and
velar regions, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial
nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal
and velar regions are found in Table 5.17. For the hypopharyngeal region, nasality, vowel category and
repetition number all had an effect on AV, while time did not. For the velar region, nasality and vowel
category showed significant effects on AV, while time and repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hypopharynx tongue dorsum
(Intercept) 70.97 (0.55)∗∗∗ 168.64 (0.78)∗∗∗
180 Voweli 4.64 (0.43)∗∗∗ −12.28 (0.77)∗∗∗
Vowelu 8.14 (0.43)∗∗∗ −55.20 (0.78)∗∗∗
Nasalitynasal final −11.16 (0.49)∗∗∗ 3.24 (0.89)∗∗∗
Nasalitynasalized −13.87 (0.50)∗∗∗ 18.38 (0.90)∗∗∗
Nasalityoral −15.64 (0.50)∗∗∗ 53.32 (0.90)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74) 0.74 (0.74)
EDF: s(Time):Voweli 1.61 (2.07) 2.21 (2.82)
EDF: s(Time):Vowelu 2.48 (3.16)∗∗∗ 3.67 (4.62)∗∗∗
EDF: s(Time):Nasalitynasal 5.72 (6.92)∗∗∗ 1.29 (1.62)
EDF: s(Time):Nasalitynasal final 4.52 (5.61) 2.66 (3.36)∗∗∗
EDF: s(Time):Nasalitynasalized 1.91 (2.43) 2.21 (2.81)∗∗
EDF: s(Time):Nasalityoral 2.59 (3.28)∗∗∗ 2.95 (3.73)∗∗∗
EDF: s(RepNo) 0.82 (1.00)∗ 0.00 (1.00)
AIC 31331.68 36163.11
BIC 31508.65 36310.57
Log Likelihood -15637.81 -18058.20
Deviance 509695.44 1669497.05
Deviance explained 0.30 0.72
Dispersion 125.76 411.44
R2 0.30 0.71
GCV score 126.60 413.71
Num. obs. 4080 4080
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.17: Results of the GAMs run on the articulatory correlates of PC2 for BP05.
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(a) AV for the hypopharynx over time, by vowel.
(b) AV for the tongue dorsum over time, by vowel.
Figure 5.33: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP05).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharynx and labial regions. Results for the AV functions for these regions are shown in Figure 5.33.
For /a/, the oral vowel maintains the lowest AV contour throughout time for the hypopharyngeal region.
The word-final nasal vowel and word-medial nasal vowel both display higher AV contours, with the word-
medial nasal vowel’s contour being the highest. The nasalized vowel’s AV contour begins in the range of the
word-final nasal vowel and gradually rises to the range of the word-medial nasal vowel. In the velar region,
the oral vowel, unsurprisingly, maintains the highest AV contour over time. The nasalized [ã] maintains an
intermediate AV contour position, with the two nasal vowels maintaining the lowest AV contours throughout
time.
For /i/, the word-medial nasal vowel maintains the highest AV contour for the hypopharynx. The word-
final nasal vowel’s AV contour is slightly above that of the oral and nasalized vowels, which maintain the
lowest, overlapping, AV contours. In the velar region, the oral vowel maintains the highest AV contour
over time. The nasalized vowel maintains an intermediate AV contour position, with the two nasal vowels
maintaining the lowest AV contours throughout time.
For /u/, the oral vowel maintains the highest AV contour for the majority of normalized time for the
hypopharyngeal region, except between the 50% and 75% mark, where it dips below the AV contour height
of the nasal vowels. The two nasal vowels maintain overlapping AV contours over time. The nasalized vowel
maintains the lowest AV contour throughout the entire normalized time. In the velar region, the oral vowel
maintains a high AV contour, though it overlaps with that of the nasalized vowel for the latter half of time.
The nasal vowels maintain lower AV contours than the oral and nasalized vowels.
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Figure 5.34: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP06. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP06
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.34
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong negative
correlation with aperture of the hypopharyngeal region and a strong negative correlation with aperture of
tongue tip region. Therefore, as PC2 increases, the hypopharyngeal region and the tongue tip region become
more constricted (i.e., lower AF). Based on the hypopharynx, a lower PC2 for high vowels (/u/ and /i/),
and a higher PC2 for low vowels (/a/) is expected. Based on the tongue tip region, a lower PC2 is expected
for the low vowel /a/, and a higher PC2 is expected for the rounded vowel /u/. Figure 5.2d shows lower
PC2 loadings for /a/ and /i/, and higher PC2 loadings for /u/.
GAMs were fit to the AV data to determine the effect of different conditions on the hypopharyngeal
and tongue tip regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
hypopharyngeal and tongue tip regions are found in Table 5.18. For the hypopharyngeal region, time, vowel
and nasality conditions were significant indicators of AV change. For the tongue tip region, vowel quality
and nasality had significant effects on AV, while time and repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
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hypopharynx tongue tip
(Intercept) 240.41 (1.15)∗∗∗ 54.90 (0.34)∗∗∗
Voweli 21.61 (0.95)∗∗∗ −8.44 (0.34)∗∗∗
Vowelu 16.55 (0.95)∗∗∗ 9.85 (0.34)∗∗∗
188 Nasalitynasal final 7.66 (1.10)∗∗∗ −5.33 (0.39)∗∗∗
Nasalitynasalized −9.89 (1.11)∗∗∗ −8.90 (0.40)∗∗∗
Nasalityoral −7.14 (1.09)∗∗∗ 3.26 (0.39)∗∗∗
EDF: s(Time) 0.63 (0.63)∗ 0.63 (0.63)
EDF: s(Time):Vowela 1.57 (2.02) 0.74 (0.74)
EDF: s(Time):Voweli 0.74 (0.74)∗ 0.74 (0.74)
EDF: s(Time):Vowelu 1.49 (1.92) 0.74 (0.74)
EDF: s(Time):Nasalitynasal 2.69 (3.40)∗∗∗ 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalitynasal final 2.02 (2.58)∗ 1.23 (1.54)
EDF: s(Time):Nasalitynasalized 2.19 (2.79)∗∗∗ 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalityoral 0.79 (0.79) 1.22 (1.53)
EDF: s(RepNo) 0.69 (1.00) 0.00 (1.00)
AIC 44944.79 35116.98
BIC 45073.02 35206.70
Log Likelihood -22452.58 -17544.63
Deviance 3393914.79 434437.55
Deviance explained 0.17 0.47
Dispersion 713.58 91.23
R2 0.17 0.46
GCV score 716.40 91.47
Num. obs. 4775 4775
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.18: Results of the GAMs run on the articulatory correlates of PC2 for BP06.
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(a) AV for the hypopharynx over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.35: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP06).
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hypopharynx and tongue tip regions. Results for the AV functions for these regions are shown in Figure 5.35.
For /a/, the word-medial nasal vowel maintains the highest hypopharyngeal AV contour throughout
time. The oral vowel’s AV contour is slightly below that of the word-medial nasal vowel. The nasalized
vowel maintains the lowest AV contour throughout most of the vowel’s duration, except for in the last 10%
of normalized time, where its AV contour becomes higher than that of the word-final nasal vowel. For the
tongue tip area, the oral vowel maintains the highest AV contour throughout time. The word-medial nasal
vowel maintains a slightly lower AV contour. The nasalized vowel’s AV contour is lowest across time, with
the word-final nasal vowel’s AV contour slightly above that of the nasalized vowel.
For /i/, the oral and word-medial nasal vowels maintain the lowest AV contour throughout time for the
hypopharyngeal region. The nasalized vowel’s AV contour is slightly above that of the word-medial and
oral vowels’. The word-final nasal vowel’s AV contour begins in the range of the oral and word-medial nasal
vowels’ contours, then becomes larger over time, surpassing the AV range of the nasalized vowel by the 25%
mark. For the tongue tip region, the oral vowel maintains the highest AV contour. The word-medial nasal
vowel’s AV contour is the lowest, with the word-final nasal vowel’s AV contour being slightly higher than
that of the word-medial nasal vowel. The nasalized vowel’s AV contour is between that of the oral and
word-final nasal vowels.
For /u/, the word-medial nasal’s AV contour is highest for the hypopharyngeal region. The nasalized
and oral vowel maintain overlapping AV contours, with the word-medial nasal vowel manifesting a slightly
higher AV contour for the middle 50% of the vowel’s duration. In regards to the tongue tip region, the oral
vowel maintains the lowest AV contour. The nasal vowels manifest higher AV contours, with the word-medial
nasal vowel maintaining the highest AV contour across time. The nasalized vowel’s AV contour is between
that of the oral and word-final nasal vowels.
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Figure 5.36: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP09. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP09
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.36
shows the AF of representative oral vowels in relation to PC2. PC2 shows a strong positive correlation
with aperture of the velar region Therefore, as PC2 increases, the velar region becomes less constricted (i.e.,
higher AF). Thus, a higher PC2 is expected for the low vowel /a/, and a lower PC2 is expected for the high
vowels /i/ and /u/. Figure 5.2e shows this pattern.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region, as
a function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAMs for the velar region are found in Table 5.19.
Nasality and vowel quality both have significant effects on AV, as does repetition number. Time does not
show a significant effect on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar
region. Results for the AV functions for this region are shown in Figure 5.37.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The nasalized






Nasalitynasal final 9.73 (0.96)∗∗∗
Nasalitynasalized 13.62 (0.97)∗∗∗
Nasalityoral 37.00 (0.96)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74)∗
EDF: s(Time):Voweli 2.40 (3.06)∗∗∗
EDF: s(Time):Vowelu 2.11 (2.69)∗∗∗
EDF: s(Time):Nasalitynasal 2.33 (2.95)∗∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalitynasalized 2.05 (2.61)
EDF: s(Time):Nasalityoral 0.79 (0.79)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.19: Results of the GAM run on the articulatory correlate of PC2 for BP09.
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Figure 5.37: AV value over time for the tongue dorsum (articulator strongly correlated with PC2) region
(speaker BP09).
For /i/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The nasalized
vowel’s AV contour is between that of the oral and word-final nasal vowels.
For /u/, the word-medial nasal vowel maintains the highest velar AV contour, with the nasalized vowel’s
AV contour similar to that of the word-medial nasal vowel. The confidence intervals overlap for the middle
50% of the vowel’s duration. The word-final nasal vowel maintains the lowest AV contour. The oral vowel’s
AV contour begins in an intermediate position and becomes the highest AV by the end of normalized time.
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Figure 5.38: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP10. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP10
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.38
shows the AF of representative oral vowels in relation to PC2. PC2 shows a strong positive correlation
with aperture of the velar region Therefore, as PC2 increases, the velar region becomes less constricted (i.e.,
higher AF). Thus, a higher PC2 is expected for the low vowel /a/, and a lower PC2 is expected for the high
vowels /i/ and /u/. Figure 5.2e a high PC2 for /a/ and /i/, and a low PC2 for /u/.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region, as
a function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAM for the velar region are found in Table 5.20.
Time, vowel quality, and nasality condition all show a significant effect on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar
region. Results for the AV functions for this region are shown in Figure 5.39.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The nasalized
vowel’s AV contour is between that of the oral and word-final nasal vowels.






Nasalitynasal final 4.45 (0.60)∗∗∗
Nasalitynasalized 12.05 (0.60)∗∗∗
Nasalityoral 24.59 (0.60)∗∗∗
EDF: s(Time) 0.63 (0.63)∗
EDF: s(Time):Vowela 0.74 (0.74)∗∗
EDF: s(Time):Voweli 1.52 (1.96)∗∗
EDF: s(Time):Vowelu 2.32 (2.95)∗∗∗
EDF: s(Time):Nasalitynasal 3.13 (3.95)∗∗
EDF: s(Time):Nasalitynasal final 2.06 (2.62)∗∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 0.79 (0.79)∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.20: Results of the GAM run on the articulatory correlate of PC2 for BP10.
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Figure 5.39: AV value over time for the tongue dorsum (articulator strongly correlated with PC2) region
(speaker BP10).
contours, with the word-final nasal vowel maintaining the lowest AV contour across time. The oral vowel’s
AV contour is between that of the word-medial and word-final nasal vowels.
For /u/, the word-medial nasal vowel maintains the lowest velar AV contour, with the nasalized vowel’s
AV contour slightly higher than that of the word-medial nasal vowel. The word-final nasal vowel maintains
the highest AV contour for the first half of normalized time. The oral vowel’s AV contour begins in an
intermediate position (between that of the nasalized and word-final nasal) and becomes the highest AV by
the end of normalized time.
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Figure 5.40: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP14. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP14
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.40
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong negative
correlation with aperture of the hypopharyngeal region and a strong negative correlation with aperture of
tongue dorsum/velar region. Therefore, as PC2 increases, the hypopharyngeal region and the tongue dorsum
region become more constricted (i.e., lower AF). Based on the hypopharynx, a lower PC2 for high vowels
(/u/ and /i/), and a higher PC2 for low vowels (/a/) is expected. Based on the tongue dorsum region, a
lower PC2 is expected for the low vowel /a/, and a higher PC2 is expected for the high vowels /i/ and /u/.
Figure 5.2g shows lower PC2 loadings for /a/, and higher PC2 loadings for /u/ and /i/.
GAMs were fit to the AV data to determine the effect of different conditions on the hypopharyngeal and
velar regions, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal,
word-final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal and
velar regions are found in Table 5.21. For the hypopharyngeal region, vowel quality and nasality were both
significant indicators of AV change. Time did not show a significant effect on AV change, while repetition
number did. For the velar region, vowel quality and nasality were both significant indicators of AV change.
Time showed a significant effect on AV change, while repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
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hypopharynx tongue dorsum
(Intercept) 323.76 (1.25)∗∗∗ 93.36 (0.49)∗∗∗
Voweli −21.07 (0.97)∗∗∗ 8.71 (0.40)∗∗∗
Vowelu −28.58 (0.95)∗∗∗ −19.85 (0.40)∗∗∗
Nasalitynasal final 8.76 (1.11)∗∗∗ 16.87 (0.46)∗∗∗
Nasalitynasalized −13.23 (1.10)∗∗∗ 8.82 (0.46)∗∗∗
Nasalityoral −29.91 (1.10)∗∗∗ 23.91 (0.46)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗∗∗
EDF: s(Time):Vowela 0.74 (0.74)∗∗ 2.45 (3.12)∗∗∗
EDF: s(Time):Voweli 3.10 (3.92) 0.74 (0.74)∗∗
EDF: s(Time):Vowelu 0.74 (0.74)∗ 3.69 (4.63)∗∗∗
EDF: s(Time):Nasalitynasal 2.93 (3.70)∗∗∗ 1.74 (2.22)
EDF: s(Time):Nasalitynasal final 7.00 (8.06)∗∗∗ 2.67 (3.38)∗∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)∗∗ 2.94 (3.71)∗∗
EDF: s(Time):Nasalityoral 1.12 (1.37) 2.68 (3.39)
EDF: s(RepNo) 0.95 (1.00)∗∗∗ 0.67 (1.00)
AIC 42056.57 34245.58
BIC 42216.75 34407.13
Log Likelihood -21003.30 -17097.58
Deviance 3045514.68 534482.55
Deviance explained 0.36 0.68
Dispersion 682.08 119.71
R2 0.36 0.68
GCV score 685.75 120.36
Num. obs. 4489 4489
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.21: Results of the GAMs run on the articulatory correlates of PC2 for BP14.
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(a) AV for the hypopharynx over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.41: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP14).
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examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharynx and tongue dorsum regions. Results for the AV functions for these regions are shown in
Figure 5.41.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The nasalized
vowel’s AV contour is between that of the word-medial and word-final nasal vowels. In the hypopharyngeal
region, the oral vowel maintains the lowest AV contour over time. The nasal vowels manifest higher AV
contours, with the word-final nasal vowel maintaining the highest AV contour across time. The nasalized
vowel’s AV contour is between that of the word-medial and word-final nasal vowels.
For /i/, the word-final nasal maintains the highest AV contour in the velar region. The oral, nasalized
and word-medial nasal all maintain similar (i.e., with overlapping confidence intervals) AV contours. In the
hypopharyngeal region, the nasalized vowel maintains the lowest AV contour. The nasal vowels maintain
higher AV contours, with the word-medial nasal displaying the highest AV contour. The oral vowel’s AV
contour is between that of the word-final nasal and the nasalized vowels.
For /u/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The nasalized
vowel’s AV contour is between that of the word-medial and word-final nasal vowels. In the hypopharyngeal
region, the oral vowel maintains the lowest AV contour over time. The nasal vowels manifest higher AV
contours, with the word-final nasal vowel maintaining the highest AV contour across in the first 25% of
normalized duration, and the word-medial nasal maintaining the highest AV contour for the rest of time.
The nasalized vowel’s AV contour is between that of the oral and nasal vowels.
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Figure 5.42: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP17. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP17
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.42
shows the AF of representative oral vowels in relation to PC2. PC2 shows a strong positive correlation with
aperture of the tongue dorsum region. Therefore, as PC2 increases, the tongue dorsum region becomes less
constricted (i.e., higher AF). A higher PC2 is expected for the low vowel /a/, and a lower PC2 is expected
for the high vowels /i/ and /u/. Figure 5.2h shows higher PC2 loadings for /a/, and lower PC2 loadings for
/u/ and /i/, with /i/ having much lower PC2 loadings.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region, as
a function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAMs for the velar region are found in Table 5.22.
Time, nasality, and vowel quality all showed significant effects on velar AV, while repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar
region. Results for the AV functions for this region are shown in Figure 5.43.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The nasalized






Nasalitynasal final −4.06 (0.71)∗∗∗
Nasalitynasalized 5.03 (0.72)∗∗∗
Nasalityoral 49.53 (0.72)∗∗∗
EDF: s(Time) 1.10 (1.38)∗∗∗
EDF: s(Time):Vowela 0.74 (0.74)
EDF: s(Time):Voweli 1.89 (2.42)∗∗∗
EDF: s(Time):Vowelu 1.30 (1.65)∗
EDF: s(Time):Nasalitynasal 0.79 (0.79)∗
EDF: s(Time):Nasalitynasal final 2.04 (2.60)∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalityoral 1.93 (2.45)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.22: Results of the GAM run on the articulatory correlate of PC2 for BP17.
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Figure 5.43: AV value over time for the tongue dorsum (articulator strongly correlated with PC2) region
(speaker BP17).
For /i/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-final nasal vowel maintaining the lowest AV contour across time. The nasalized
vowel’s AV contour is between that of the word-medial and word-final nasal vowels.
For /u/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours across time, with overlapping confidence intervals. The nasalized vowel’s AV contour is the lowest
throughout time.
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Figure 5.44: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP18. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP18
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.44
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong negative
correlation with aperture of the tongue tip region and a strong positive correlation with aperture of tongue
dorsum region. Therefore, as PC2 increases, the tongue tip region becomes more constricted (i.e., lower
AF) and the tongue dorsum region becomes less constricted (i.e., higher AF). Based on the tongue tip, a
lower PC2 for the front vowel /i/, and a higher PC2 for the low vowel /a/ is expected. Based on the tongue
dorsum region, a higher PC2 is expected for the low vowel /a/, and a lower PC2 is expected for the high
vowels /i/ and /u/. Figure 5.2i shows higher PC2 loadings for /a/, and lower PC2 loadings for /u/ and /i/.
GAMs were fit to the AV data to determine the effect of different conditions on the velar and tongue
tip regions, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial
nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the velar and tongue
tip regions are found in Table 5.23. For the velar region, time, nasality, and vowel all had effects on AV. For
the tongue tip region, nasality, vowel quality and repetition number all showed significant effects on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the tongue
dorsum and tongue tip regions. Results for the AV functions for these regions are shown in Figure 5.45.
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tongue dorsum tongue tip
(Intercept) 68.67 (0.49)∗∗∗ 36.40 (0.52)∗∗∗
Voweli −5.06 (0.40)∗∗∗ −4.75 (0.42)∗∗∗
Vowelu −5.55 (0.41)∗∗∗ 7.08 (0.43)∗∗∗
Nasalitynasal final 6.37 (0.47)∗∗∗ −5.40 (0.48)∗∗∗
Nasalitynasalized 6.81 (0.48)∗∗∗ 2.09 (0.50)∗∗∗
Nasalityoral 24.26 (0.47)∗∗∗ −7.35 (0.49)∗∗∗
EDF: s(Time) 0.63 (0.63)∗∗∗ 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74)∗∗∗ 0.74 (0.74)∗∗∗
EDF: s(Time):Voweli 0.74 (0.74)∗ 1.05 (1.30)∗∗
EDF: s(Time):Vowelu 0.74 (0.74) 0.74 (0.74)∗∗∗
EDF: s(Time):Nasalitynasal 2.07 (2.63)∗∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 3.43 (4.31)∗∗∗ 0.79 (0.79)∗
EDF: s(Time):Nasalitynasalized 0.89 (0.97)∗ 1.70 (2.18)
EDF: s(Time):Nasalityoral 1.75 (2.24)∗ 0.79 (0.79)
EDF: s(RepNo) 0.70 (1.00) 0.78 (1.00)∗
AIC 20792.72 21012.18
BIC 20904.07 21101.73
Log Likelihood -10377.70 -10491.08
Deviance 226408.28 244942.58
Deviance explained 0.54 0.32
Dispersion 79.04 85.41
R2 0.54 0.32
GCV score 79.53 85.82
Num. obs. 2882 2882
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.23: Results of the GAMs run on the articulatory correlates of PC2 for BP18.
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(a) AV for the tongue dorsum over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.45: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP18).
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For /a/, the oral vowel maintains the highest AV contour for the tongue dorsum region. The word-
final nasal vowel’s AV contour is slightly below that of the oral vowel. The word-medial nasal vowel’s AV
contour is the lowest, with the nasalized vowel maintaining an AV contour slightly higher than that of the
word-medial nasal vowel. For the tongue tip region, the oral and nasalized vowels maintain the lowest AV
contours, with overlapping confidence intervals. The nasal vowels maintain higher AV contours, with that
of the word-medial nasal vowel being the highest.
For /i/, the oral vowel maintains the highest tongue dorsum AV contour. The nasal vowels manifest
lower AV contours, with the word-final nasal vowel maintaining the lowest AV contour across time. The
nasalized vowel’s AV contour is between that of the oral and word-medial nasal vowels. For the tongue tip
region, the nasalized vowel maintains the highest AV contour. All of the other nasality conditions (oral,
word-medial nasal and word-final nasal) maintain lower, overlapping AV contours.
For /u/, the oral vowel maintains the highest tongue dorsum AV contour. The nasal vowels manifest
lower AV contours, with the word-final nasal vowel maintaining the lowest AV contour across time. The
nasalized vowel’s AV contour is between that of the oral and word-medial nasal vowels for the first half of
the vowel’s duration, and is overlapping with that of the word-medial nasal vowel for the latter half of its
duration. For the tongue tip region, the nasalized vowel maintains the highest AV contour. The oral and
word-final nasal vowels maintain lower, overlapping AV contours. The word-medial AV contour is between
that of the oral/word-final nasal and nasalized vowels.
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Figure 5.46: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP19. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP19
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.46
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong positive
correlation with aperture of the tongue tip region and a strong positive correlation with aperture of the
mediopharynx region. Therefore, as PC2 increases, the tongue tip and mediopharyngeal regions become less
constricted (i.e., higher AF). Based on the tongue tip, a lower PC2 for the front vowel /i/, and a higher PC2
for the low vowel /a/ is expected. Based on the mediopharyngeal region, a lower PC2 is expected for the
low vowel /a/, and a higher PC2 is expected for the high vowels /i/ and /u/. Figure 5.2j shows lower PC2
loadings for /a/, and higher PC2 loadings for /u/ and /i/.
GAMs were fit to the AV data to determine the effect of different conditions on the mediopharyngeal
and tongue tip regions, as a function of time. Ten AV points were taken at normalized time points from
each vowel’s duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized,
word-medial nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the
mediopharyngeal and tongue tip regions are found in Table 5.24. For the mediopharynx, vowel quality,
nasality and time all had significant effects on AV. For the tongue tip, vowel quality and nasality had
significant effects on AV, while time and repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
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mediopharynx tongue blade
(Intercept) 120.15 (0.37)∗∗∗ 23.64 (0.13)∗∗∗
Voweli 33.95 (0.37)∗∗∗ −1.35 (0.13)∗∗∗
Vowelu 27.57 (0.37)∗∗∗ 0.98 (0.13)∗∗∗
Nasalitynasal final 4.71 (0.43)∗∗∗ −3.58 (0.15)∗∗∗
Nasalitynasalized −0.97 (0.43)∗ −1.19 (0.15)∗∗∗
Nasalityoral −12.25 (0.43)∗∗∗ −2.69 (0.15)∗∗∗
EDF: s(Time) 0.63 (0.63)∗ 0.63 (0.63)
EDF: s(Time):Vowela 1.64 (2.11)∗∗ 3.45 (4.34)
EDF: s(Time):Voweli 2.66 (3.39)∗∗∗ 0.74 (0.74)
EDF: s(Time):Vowelu 2.16 (2.75) 0.74 (0.74)∗∗
EDF: s(Time):Nasalitynasal 0.79 (0.79) 0.79 (0.79)∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗∗∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 4.63 (5.73)∗
EDF: s(Time):Nasalityoral 3.05 (3.85)∗∗∗ 2.37 (3.01)∗
EDF: s(RepNo) 0.00 (1.00) 0.00 (1.00)
AIC 26440.79 18653.06
BIC 26561.72 18784.03
Log Likelihood -13200.89 -9305.40
Deviance 304719.22 35690.63
Deviance explained 0.76 0.24
Dispersion 84.30 9.88
R2 0.76 0.23
GCV score 84.74 9.93
Num. obs. 3633 3633
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.24: Results of the GAMs run on the articulatory correlates of PC2 for BP19.
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(a) AV for the mediopharynx over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.47: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP19).
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mediopharynx and tongue tip regions. Results for the AV functions for these regions are shown in Figure 5.47.
For /a/, the oral vowel maintains the lowest mediopharyngeal AV contour. The nasal vowels manifest
higher AV contours, with overlapping confidence intervals. The nasalized vowel’s AV contour is between
that of the oral and nasal vowels, though is closer to that of the nasal vowels. For the tongue tip region, the
oral vowel maintains the highest AV contour. The word-final nasal vowels maintains the lowest AV contours.
The word-medial nasal vowel AV contour is lower than that of the oral vowel, and the nasalized vowel’s AV
contour is between that of the word-final and word-medial nasal vowels.
For /i/, the oral vowel maintains the lowest mediopharyngeal AV contour. The word-final nasal vowels
manifests the highest AV contour. The nasalized vowel’s AV contour overlaps with that of the word-medial
nasal, and is between that of the oral and word-final nasal vowels. For the tongue tip region, the oral and
nasalized vowels maintain higher AV contours, with overlapping confidence intervals. The word-medial and
word-final nasal vowels maintain lower AV contours, also with overlapping confidence intervals.
For /u/, the word-final nasal vowel maintains the highest mediopharyngeal AV contour. The oral and
word-medial nasal vowels maintain lower, overlapping AV contours. The nasalized vowel’s AV contour is
between that of the word-final and word-medial nasal/oral vowels, except for the last 25% of the vowels’
durations, when it is has the lowest range. For the tongue tip region, the oral vowel maintains the lowest
AV contour. The word-medial nasal vowels maintains the lowest AV contours. The word-medial nasal AV
contour is higher than that of the oral vowel, and the nasalized vowel’s AV contour is between that of the
word-final and word-medial nasal vowels.
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Figure 5.48: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP20. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP20
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.48
shows the AF of representative oral vowels in relation to PC2. PC2 shows a strong positive correlation
with aperture of tongue dorsum region. Therefore, as PC2 increases, the tongue dorsum region becomes less
constricted (i.e., higher AF). A higher PC2 is expected for the low vowel /a/, and a lower PC2 is expected
for the high vowels /i/ and /u/. Figure 5.2k shows higher PC2 loadings for /a/ and /i/ and lower PC2
loadings for /u/.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region, as
a function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAMs for the velar region are found in Table 5.25.
Vowel, repetition number, and nasality both showed significant effects on AV, while time did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar
region. Results for the AV functions for this region are shown in Figure 5.49.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-final nasal vowel maintaining a lower AV contour across time. The nasalized vowel’s






Nasalitynasal final −8.48 (0.65)∗∗∗
Nasalitynasalized 3.56 (0.67)∗∗∗
Nasalityoral 7.32 (0.66)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 2.11 (2.70)∗∗∗
EDF: s(Time):Voweli 0.74 (0.74)
EDF: s(Time):Vowelu 1.85 (2.38)
EDF: s(Time):Nasalitynasal 2.24 (2.84)∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗
EDF: s(Time):Nasalitynasalized 3.15 (3.97)∗∗
EDF: s(Time):Nasalityoral 0.79 (0.79)









136 Num. obs. 3912
Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.25: Results of the GAM run on the articulatory correlate of PC2 for BP20.
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Figure 5.49: AV value over time for the tongue dorsum (articulator strongly correlated with PC2) region
(speaker BP20).
that of the word-final nasal vowel in the second half of its duration.
For /i/, the nasalized vowel maintains the highest velar AV contour. The nasal vowels manifest lower
AV contours, with the word-medial nasal vowel maintaining the lowest AV contour across time. The oral
vowel’s AV contour is between that of the nasalized and word-final nasal vowels.
For /u/, the word-medial vowel maintains the highest velar AV contour. The word-final nasal vowel
manifests a lower AV contour. The oral vowel’s AV contour is higher than that of the word-final nasal vowel,
and the nasalized vowel’s AV contour is between that of the oral and word-medial nasal vowels.
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Figure 5.50: AF for oral vowels and the correlation between each gridline and PC2 loadings, for speaker
BP21. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP21
To determine the articulatory meaning of PC2, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.50
shows the AF of representative oral vowels in relation to PC2. PC2 simultaneously shows a strong positive
correlation with aperture of the tongue tip region and a strong positive correlation with aperture of tongue
dorsum region. Therefore, as PC2 increases, the tongue tip and tongue dorsum regions become less con-
stricted (i.e., higher AF). Based on the tongue tip, a lower PC2 for the front vowel /i/, and a higher PC2
for the low vowel /a/ is expected. Based on the tongue dorsum region, a higher PC2 is expected for the
low vowel /a/, and a lower PC2 is expected for the high vowels /i/ and /u/. Figure 5.2l shows higher PC2
loadings for /a/, and lower PC2 loadings for /u/ and /i/.
GAMs were fit to the AV data to determine the effect of different conditions on the velar and tongue
tip regions, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial
nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the velar and tongue
tip regions are found in Table 5.26. For the velar region, nasality and vowel both showed significant effects
on AV, while time and repetition number did not. For the tongue tip region, nasality, vowel quality, time
and repetition number all showed significant effects on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the tongue
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tongue dorsum tongue tip
(Intercept) 90.60 (0.28)∗∗∗ 35.85 (0.42)∗∗∗
Voweli 20.56 (0.28)∗∗∗ −2.22 (0.34)∗∗∗
Vowelu 3.39 (0.28)∗∗∗ 4.52 (0.34)∗∗∗
Nasalitynasal final −4.93 (0.32)∗∗∗ −0.85 (0.39)∗
Nasalitynasalized 3.08 (0.32)∗∗∗ 7.77 (0.40)∗∗∗
Nasalityoral 8.06 (0.32)∗∗∗ 0.97 (0.39)∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)∗∗
EDF: s(Time):Vowela 2.55 (3.24) 1.99 (2.54)∗
EDF: s(Time):Voweli 2.41 (3.07)∗∗∗ 5.76 (6.97)∗
EDF: s(Time):Vowelu 1.89 (2.42)∗ 0.74 (0.74)
EDF: s(Time):Nasalitynasal 0.79 (0.79) 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 2.01 (2.55)∗ 2.59 (3.28)∗
EDF: s(Time):Nasalitynasalized 1.58 (2.02) 0.79 (0.79)
EDF: s(Time):Nasalityoral 0.79 (0.79) 1.46 (1.87)
EDF: s(RepNo) 0.00 (1.00) 0.76 (1.00)∗
AIC 35085.71 37129.25
BIC 35213.79 37275.98
Log Likelihood -17523.21 -18542.12
Deviance 319023.57 479033.44
Deviance explained 0.62 0.18
143 Dispersion 63.88 95.97
R2 0.62 0.17
GCV score 64.12 96.38
Num. obs. 5013 5013
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.26: Results of the GAMs run on the articulatory correlates of PC2 for BP21.
135
(a) AV for the tongue dorsum over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.51: AV values over time for the vocal tract regions strongly correlated with PC2 (speaker BP21).
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dorsum and tongue tip regions. Results for the AV functions for these regions are shown in Figure 5.51.
For /a/, the oral vowel maintains the highest AV contour for the tongue dorsum region. The word-
medial nasal vowel’s AV contour is slightly below that of the oral vowel. The nasalized vowel’s AV contour
is the lowest, with the word-final nasal vowel maintaining an AV contour between that of the nasalized and
word-medial nasal vowels. For the tongue tip region, the oral vowel maintains the highest AV contours. The
nasal vowels maintain lower AV contours, with overlapping confidence intervals. The nasalized vowel’s AV
contour is between that of the oral and nasal vowels.
For /i/, the nasalized vowel maintains the highest tongue dorsum AV contour. The nasal vowels manifest
lower AV contours, with the word-final nasal vowel maintaining the lower AV contour across time. The oral
vowel’s AV contour is the lowest across time. For the tongue tip region, the word-medial vowel maintains
the lowest AV contour. All of the other nasality conditions (oral, word-medial nasal and word-final nasal)
maintain lower, overlapping AV contours for the first half of normalized time. For the second half of
normalized time, the word-final nasal maintains the highest AV contour.
For /u/, the oral vowel maintains the highest tongue dorsum AV contour. The nasal vowels manifest
lower AV contours, with the word-final nasal vowel maintaining the lowest AV contour across time. The
nasalized vowel’s AV contour is between that of the oral and word-medial nasal vowels. For the tongue tip
region, the nasalized vowel maintains the highest AV contour. The oral and word-final nasal vowels maintain
lower, overlapping AV contours. The word-medial AV contour is between that of the oral/word-final nasal
and nasalized vowels.
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Figure 5.52: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP02. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
5.2.3 PC3
BP02
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.52
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong negative correlation with
aperture of the tongue dorsum region. Therefore, as PC3 increases, the tongue dorsum region becomes more
constricted (i.e., lower AF). A lower PC3 is expected for the low vowel /a/, and a higher PC3 is expected
for /u/. Figure 5.2a shows a lower PC3 loading for /i/, and slightly higher PC3 loadings for /u/, with /a/
showing slightly higher PC3 loadings than /i/.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region as a
function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAMs for the velar region are found in Table 5.27.
For the velar region, there was a significant difference between the baseline and the vowel /u/, but not the
vowel /i/, and nasality had a significant effect for all nasality conditions except word-final nasal.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar






Nasalitynasal final −0.76 (0.61)
Nasalitynasalized −4.63 (0.60)∗∗∗
Nasalityoral 24.81 (0.61)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 3.48 (4.39)∗∗∗
EDF: s(Time):Voweli 0.74 (0.74)
EDF: s(Time):Vowelu 3.97 (4.98)∗∗∗
EDF: s(Time):Nasalitynasal 0.79 (0.79)∗∗∗
EDF: s(Time):Nasalitynasal final 2.41 (3.05)∗∗∗
EDF: s(Time):Nasalitynasalized 2.14 (2.73)∗∗∗
EDF: s(Time):Nasalityoral 3.01 (3.80)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.27: Results of the GAM run on the articulatory correlate of PC3 for BP02.
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Figure 5.53: AV value over time for the tongue dorsum (articulator strongly correlated with PC3) region
(speaker BP02).
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining a lower AV contour for the majority of normalized
time. The nasalized vowel’s AV contour is between that of the oral and nasal vowels.
For /i/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with their confidence intervals overlapping in the first half of the vowels, and the word-medial
nasal vowel maintaining the lower AV contour across the second half of normalized time. The nasalized
vowel’s AV contour is the lowest AV contour for this vowel.
For /u/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with their confidence intervals overlapping in the first 75% of the vowels, and the word-medial
nasal vowel maintaining the lower AV contour across the last 25% of normalized time. The nasalized vowel’s
AV contour is the lowest AV contour for this vowel, except for the very end, where it maintains an AV
contour slightly higher than that of the nasal vowels.
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Figure 5.54: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP04. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP04
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.54
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong positive correlation with
aperture of the tongue dorsum region. Therefore, as PC3 increases, the tongue dorsum region becomes less
constricted (i.e., higher AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is expected
for /u/. Figure 5.2b shows a lower PC3 loading for /i/ and /a/ , and higher PC3 loadings for /u/.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region as a
function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAM for the velar region are found in Table 5.28.
There was an effect of vowel identity on AV over time. All nasality conditions except for nasalized showed
significant differences from the baseline nasal vowel. Time and repetition number did not have an effect on
the dependent variable.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar
region. Results for the AV functions for this region are shown in Figure 5.55.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV con-






Nasalitynasal final −28.20 (0.57)∗∗∗
Nasalitynasalized −0.77 (0.58)
Nasalityoral 22.15 (0.58)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 1.95 (2.50)∗∗
EDF: s(Time):Voweli 2.74 (3.48)∗∗∗
EDF: s(Time):Vowelu 2.27 (2.89)∗∗∗
EDF: s(Time):Nasalitynasal 3.04 (3.84)∗∗∗
EDF: s(Time):Nasalitynasal final 2.71 (3.44)∗∗∗
EDF: s(Time):Nasalitynasalized 2.69 (3.41)
EDF: s(Time):Nasalityoral 0.79 (0.79)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.28: Results of the GAM run on the articulatory correlate of PC3 for BP04.
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Figure 5.55: AV value over time for the tongue dorsum (articulator strongly correlated with PC3) region
(speaker BP04).
time, and their confidence intervals overlapping in the second half of the vowels. The nasalized vowel’s AV
contour is the lowest AV contour for this vowel.
For /i/, the oral and nasalized vowels maintain the highest velar AV contour. The oral vowel has the
higher AV contour values for the first 25% of time, after which the nasalized vowel has the higher AV contour.
The nasal vowels manifest lower AV contours, with the word-final nasal vowel maintaining the lower AV
contour across time.
For /u/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-final nasal vowel maintaining the lower AV contour across time. The nasalized
vowel’s AV contour is between the word-medial and word-final nasal vowels’ AV contours for the first half
of time, then becomes higher than that of the word-medial nasal vowel in the last 25% of time.
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Figure 5.56: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP05. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP05
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.56
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong negative correlation with
aperture of the tongue tip region, and a strong negative correlation with the glottal region (including the
epiglottis). Therefore, as PC3 increases, the glottal and tongue tip regions become more constricted (i.e.,
lower AF). For the tongue tip region, a lower PC3 is expected for the low vowel /a/, and a higher PC3 is
expected for /i/. Figure 5.2c shows a lower PC3 loading for /i/ and /a/ , and higher PC3 loadings for /u/.
GAMs were fit to the AV data to determine the effect of different conditions on the glottal and tongue
tip regions, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal,
word-final nasal), and repetition number as variables. Results for the GAMs for the glottal and tongue tip
regions are found in Table 5.29. For the glottal region, vowel quality and nasality condition both had an
effect on AV. Repetition number also had an effect on AV, while time did not. For the tongue tip region,
vowel quality and nasality had significant effects on AV, while time and repetition number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the glottis
and tongue tip regions. Results for the AV functions for these regions are shown in Figure 5.57.
For /a/, the nasalized vowel maintains the highest AV contour for the glottal region for the first half of
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glottis tongue tip
(Intercept) 90.11 (0.99)∗∗∗ 151.30 (2.24)∗∗∗
Voweli 15.36 (0.77)∗∗∗ −10.61 (2.23)∗∗∗
Vowelu −7.81 (0.78)∗∗∗ −9.69 (2.25)∗∗∗
Nasalitynasal final 18.63 (0.89)∗∗∗ 79.64 (2.57)∗∗∗
Nasalitynasalized 42.17 (0.90)∗∗∗ 68.59 (2.60)∗∗∗
Nasalityoral 21.67 (0.90)∗∗∗ 80.44 (2.60)∗∗∗
EDF: s(Time) 0.63 (0.63) 0.63 (0.63)
EDF: s(Time):Vowela 2.14 (2.73) 0.74 (0.74)
EDF: s(Time):Voweli 0.89 (1.02) 2.70 (3.44)∗
EDF: s(Time):Vowelu 3.02 (3.82)∗ 4.36 (5.06)∗∗
EDF: s(Time):Nasalitynasal 3.49 (4.39)∗∗ 1.50 (1.92)
EDF: s(Time):Nasalitynasal final 1.71 (2.18)∗∗∗ 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 0.79 (0.79) 4.30 (5.02)∗∗∗
EDF: s(Time):Nasalityoral 3.13 (3.95)∗∗∗ 4.60 (5.26)∗∗∗
EDF: s(RepNo) 0.86 (1.00)∗∗ 0.00 (1.00)
AIC 36124.51 44806.72
BIC 36273.90 44974.85
Log Likelihood -18038.60 -22376.73
Deviance 1653532.66 13866136.30
Deviance explained 0.46 0.29
183 Dispersion 407.54 3420.05
R2 0.46 0.28
GCV score 409.82 3441.67
Num. obs. 4080 4080
Num. smooth terms 9 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.29: Results of the GAMs run on the articulatory correlates of PC3 for BP05.
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(a) AV for the tongue dorsum over time, by vowel.
(b) AV for the tongue tip over time, by vowel.
Figure 5.57: AV values over time for the vocal tract regions strongly correlated with PC3 (speaker BP05).
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normalized time, after which the oral vowel maintains the highest AV contour. The nasal vowels manifest
lower AV contours, with the word-final nasal vowel maintaining the lowest AV contour across time. For the
tongue tip region, the oral vowel maintains the highest AV contours for the majority of vowel duration. The
nasal vowels maintain lower AV contours, with the word-medial nasal maintaining the lowest AV contour
over time. The nasalized vowel’s AV contour is between that of the oral and nasal vowels for the first 25%
of normalized time, overlaps with the contour of the oral vowel for the middle 50% of time, and is slightly
higher than that of the oral vowel for the last 25% of time.
For /i/, the nasalized vowel maintains the highest glottal AV contour. The nasal vowels manifest lower
AV contours, with the word-medial nasal vowel maintaining the lower AV contour across time. The oral
vowel’s AV contour slightly lower than that of the nasalized vowel at the beginning of its duration, but drops
quickly and becomes lower than that of the word-final nasal vowel at the vowel midpoint. For the tongue
tip region, the word-final nasal vowel maintains the highest AV contour. The nasalized vowel maintains the
lowest AV contour, with the word-medial nasal vowel manifesting a slightly higher AV contour. The oral
vowel’s AV contour is between that of the nasal vowels.
For /u/, the nasalized vowel maintains the highest glottal AV contour. The nasal vowels manifest lower
AV contours, with the word-final nasal vowel maintaining the lower AV contour across time. The oral vowel’s
AV contour is the lowest across time. For the tongue tip region, the nasalized vowel maintains the highest
tongue dorsum AV contour. The nasal vowels manifest lower AV contours, with the word-medial nasal vowel
maintaining the lower AV contour across time. The oral vowel’s AV contour is between that of the nasal
vowels for all but the first 25% of the vowel’s duration, where its AV contour is slightly higher than that of
the nasal vowels.
147
Figure 5.58: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP06. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP06
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.58
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong positive correlation
with aperture of tongue dorsum region. Therefore, as PC3 increases, the tongue dorsum region becomes less
constricted (i.e., higher AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is expected
for /u/. Figure 5.2d shows a lower PC3 loading for /i/ and /u/ , and higher PC3 loadings for /a/.
A GAM was fit to the AV data to determine the effect of different conditions on the velar region as a
function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAM for the velar region are found in Table 5.30.
A significant difference from the baseline was seen for /i/, but not for /u/. All nasality conditions showed
significant differences from the baseline. Time had a significant effect on AV, while repetition number did
not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the velar
region. Results for the AV functions for this region are shown in Figure 5.59.
For /a/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV






Nasalitynasal final −1.74 (0.48)∗∗∗
Nasalitynasalized 17.63 (0.48)∗∗∗
Nasalityoral 31.21 (0.48)∗∗∗
EDF: s(Time) 0.89 (1.07)∗∗∗
EDF: s(Time):Vowela 0.74 (0.74)
EDF: s(Time):Voweli 0.74 (0.74)∗∗
EDF: s(Time):Vowelu 2.45 (3.12)∗∗∗
EDF: s(Time):Nasalitynasal 2.02 (2.57)∗∗
EDF: s(Time):Nasalitynasal final 2.03 (2.58)∗∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 1.09 (1.31)
EDF: s(RepNo) 0.00 (1.00)
AIC 37025.92
BIC 37140.67







Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.30: Results of the GAM run on the articulatory correlate of PC3 for BP06.
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Figure 5.59: AV value over time for the tongue dorsum (articulator strongly correlated with PC3) region
(speaker BP06).
AV contour is between the AV contours of the nasal vowels.
For /i/, the nasalized vowels maintain the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-medial nasal vowel maintaining the lower AV contour across time. The oral vowel’s
AV contour is between the AV contours of the nasalized and word-final nasal vowels.
For /u/, the oral vowel maintains the highest velar AV contour. The nasal vowels manifest lower AV
contours, with the word-final nasal vowel maintaining the lowest AV contour over time. The nasalized vowel’s
AV contour is between the AV contours of the oral and word-medial nasal vowels.
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Figure 5.60: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP09. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP09
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.60
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong positive correlation with
aperture of the hypopharyngeal region. Therefore, as PC3 increases, the hypopharyngeal region becomes less
constricted (i.e., higher AF). A lower PC3 is expected for the low vowel /a/, and a higher PC3 is expected
for /i/ and /u/. Figure 5.2e shows a slightly higher PC3 loading for /i/ and /u/, compared to the loadings
for /a/.
A GAM was fit to the AV data to determine the effect of different conditions on the hypopharyngeal
region, as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration.
The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-
final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal region are
found in Table 5.31. Nasality and vowel quality both have significant effects on AV, as does repetition
number. Time does not show a significant effect on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharyngeal region. Results for the AV functions for this region are shown in Figure 5.61.
For /a/, the nasalized vowel maintains the highest hypopharyngeal AV contour. The nasal vowels man-






Nasalitynasal final 51.91 (1.25)∗∗∗
Nasalitynasalized 30.64 (1.27)∗∗∗
Nasalityoral 45.32 (1.26)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74)∗∗∗
EDF: s(Time):Voweli 0.74 (0.74)
EDF: s(Time):Vowelu 1.36 (1.74)∗∗∗
EDF: s(Time):Nasalitynasal 1.08 (1.31)
EDF: s(Time):Nasalitynasal final 1.27 (1.60)
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 0.97 (1.12)










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.31: Results of the GAM run on the articulatory correlate of PC3 for BP09.
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Figure 5.61: AV value over time for the hypopharynx (vocal tract region strongly correlated with PC3)
region (speaker BP09).
The oral vowel’s AV contour is between the AV contours of the nasal vowels.
For /i/, the oral and word-final nasal vowels maintain the highest, overlapping hypopharyngeal AV
contours. The word-medial nasal and nasalized vowels maintain lower, also overlapping AV contours.
For /u/, the word-final nasal vowel maintains the highest hypopharyngeal AV contour. The word-medial
nasal vowel maintains the lowest AV contour over time. The nasalized vowel’s AV contour is slightly higher
than that of the word-medial nasal vowel, while the oral vowel’s AV contour is slightly lower than that of
the word-final nasal vowel.
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Figure 5.62: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP10. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP10
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.62
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong negative correlation with
aperture of the labial region. Therefore, as PC3 increases, the labial region becomes more constricted (i.e.,
lower AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is expected for /u/. However,
Figure 5.2f shows similar ranges of PC3 loadings for all three vowel categories.
A GAM was fit to the AV data to determine the effect of different conditions on the labial region, as a
function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The model
includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final nasal),
and repetition number as variables. Results for the GAMs for the labial region are found in Table 5.32.
Nasality and vowel quality both have significant effects on AV. Time and repetition number do not show a
significant effect on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the labial
region. Results for the AV functions for this region are shown in Figure 5.63.
For /a/, the nasalized vowel maintains the highest labial AV contour. The nasal vowels manifest lower
AV contours, with the word-final nasal vowel maintaining the lowest AV contour over time. The oral vowel’s






Nasalitynasal final −6.88 (0.66)∗∗∗
Nasalitynasalized 5.27 (0.66)∗∗∗
Nasalityoral −27.97 (0.66)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 3.99 (5.00)∗
EDF: s(Time):Voweli 2.20 (2.81)∗
EDF: s(Time):Vowelu 1.49 (1.91)
EDF: s(Time):Nasalitynasal 2.90 (3.66)∗∗∗
203 EDF: s(Time):Nasalitynasal final 3.07 (3.87)∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 2.60 (3.30)










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.32: Results of the GAM run on the articulatory correlate of PC3 for BP10.
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Figure 5.63: AV value over time for the lips (articulator strongly correlated with PC3) region (speaker
BP10).
overlapping it at the 50% mark of duration.
For /i/, the nasalized and word-final nasal vowels maintain the highest, overlapping labial AV contours.
The oral vowel maintains the lowest AV contour. The word-medial nasal vowel’s labial AV contour begins
and ends in a similar position to the oral vowel, but raises in the middle of the vowel to reach the range of
the nasalized and word-final nasal vowels.
For /u/, the oral vowel maintains the lowest labial AV contour. The word-medial nasal vowel maintains
the highest AV contour over time. The nasalized vowel’s AV contour is slightly lower than that of the
word-medial nasal vowel. The word-final nasal vowel shows a range similar to or slightly lower than that of
the nasalized vowel, with its beginning and end slightly higher and in the range of the word-medial nasal
vowel’s AV contour.
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Figure 5.64: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP14. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP14
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.64
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong negative correlation
with aperture of the tongue tip region. Therefore, as PC3 increases, the tongue tip region becomes more
constricted (i.e., lower AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is expected
for /i/. Figure 5.2g shows this pattern— /a/ and /u/ both maintain higher PC3 loadings, while /i/ displays
lower PC3 loadings.
A GAM was fit to the AV data to determine the effect of different conditions on the tongue tip region,
as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAMs for the tongue tip region are found in
Table 5.33. Vowel quality, nasality, time and repetition number all display a significant effect on AV.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the tongue
tip region. Results for the AV functions for this region are shown in Figure 5.65.
For /a/, the word-medial nasal vowel maintains the lowest tongue tip AV over time. The nasalized and
word-final nasal vowels both maintain a higher AV contour, with overlapping confidence intervals across






Nasalitynasal final 1.82 (0.36)∗∗∗
Nasalitynasalized 8.72 (0.36)∗∗∗
Nasalityoral 1.52 (0.35)∗∗∗
EDF: s(Time) 0.63 (0.63)∗∗∗
EDF: s(Time):Vowela 6.55 (7.67)∗∗∗
EDF: s(Time):Voweli 3.05 (3.85)
EDF: s(Time):Vowelu 1.22 (1.54)
210 EDF: s(Time):Nasalitynasal 0.79 (0.79)∗∗
EDF: s(Time):Nasalitynasal final 2.83 (3.57)∗∗
EDF: s(Time):Nasalitynasalized 3.68 (4.60)∗∗∗
EDF: s(Time):Nasalityoral 6.93 (7.99)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.33: Results of the GAM run on the articulatory correlate of PC3 for BP14.
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Figure 5.65: AV value over time for the tongue tip (articulator strongly correlated with PC3) region
(speaker BP14).
but raises above that of the nasalized and word-final nasal vowels’ AV contours during the middle part of
normalized time.
For /i/, the nasalized vowel maintains the highest AV contour over time for the tongue tip region. The
word-medial nasal vowel maintains the lowest AV contour over time. The word-final nasal vowel’s AV contour
is slightly below that of the nasalized vowel, with the oral vowel’s AV contour below that of the word-final
nasal vowel for the first half of normalized time, and overlapping with it during the second half of normalized
time.
For /u/, the nasalized vowel maintains the highest AV contour over time for the tongue tip region. The
word-medial nasal vowel’s AV contour is overlapping with that of the nasalized vowel for the first half if
its duration, and is slightly lower than that of the nasalized vowel for the second half of its duration. The
word-final nasal vowel manifests a higher AV contour, compared to the lower oral vowel, for the first half of
time, but manifests the lowest AV contour for the latter portion of its duration.
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Figure 5.66: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP17. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP17
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.66
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong positive correlation with
aperture of the hypopharyngeal region. Therefore, as PC3 increases, the hypopharyngeal region becomes less
constricted (i.e., higher AF). A lower PC3 is expected for the low vowel /a/, and a higher PC3 is expected
for /i/. Figure 5.2h shows this pattern— /i/ and /u/ both maintain higher PC3 loadings, while /a/ displays
lower PC3 loadings.
A GAM was fit to the AV data to determine the effect of different conditions on the hypopharyngeal
region, as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration.
The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-
final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal region are
found in Table 5.34. Nasality and vowel quality all showed significant effects on hypopharyngeal AV, while
repetition number and time did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharyngeal region. Results for the AV functions for this region are shown in Figure 5.67.
For /a/, the word-medial nasal vowel maintains the highest hypopharyngeal AV for the majority of






Nasalitynasal final −7.56 (0.39)∗∗∗
Nasalitynasalized −5.30 (0.40)∗∗∗
Nasalityoral −2.68 (0.40)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 0.74 (0.74)
EDF: s(Time):Voweli 0.74 (0.74)∗
EDF: s(Time):Vowelu 1.48 (1.91)
EDF: s(Time):Nasalitynasal 1.11 (1.36)∗∗
EDF: s(Time):Nasalitynasal final 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 2.99 (3.78)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.34: Results of the GAM run on the articulatory correlate of PC3 for BP17.
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Figure 5.67: AV value over time for the hypopharynx (vocal tract region strongly correlated with PC3)
region (speaker BP17).
except for the last 25% of normalized time, when it is higher than that of the word-medial nasal vowel. The
nasalized and word-final nasal vowels both maintain low AV contour, with overlapping confidence intervals
across time.
For /i/, the word-medial nasal vowel maintains the highest AV contour over time for the hypopharyngeal
region. The word-final nasal vowel’s AV contour is slightly below that of the word-medial nasal vowel. The
nasalized vowel maintains the lowest AV contour over time. The oral vowel’s AV contour is between that of
the nasalized and word-final nasal vowels.
For /u/, the nasalized vowel maintains the highest AV contour over time for the hypopharyngeal region.
The nasal vowels maintain lower AV contours, with the word-final nasal vowel maintaining the lowest AV
contour over time. The oral vowel’s AV contour is between that of the nasalized and word-medial nasal
vowels.
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Figure 5.68: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP18. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP18
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.68
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong positive correlation with
aperture of the hypopharyngeal region. Therefore, as PC3 increases, the hypopharyngeal region becomes less
constricted (i.e., higher AF). A lower PC3 is expected for the low vowel /a/, and a higher PC3 is expected
for /i/. Figure 5.2i shows this pattern— /i/ and /u/ both maintain higher PC3 loadings, while /a/ displays
lower PC3 loadings. The PC3 loadings for /u/, are higher than those for /i/.
A GAM was fit to the AV data to determine the effect of different conditions on the hypopharyngeal
region, as a function of time. Ten AV points were taken at normalized time points from each vowel’s
duration. The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial
nasal, word-final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal
region are found in Table 5.35. Time, vowel quality and nasality condition were all significant indicators on
AV variation.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharyngeal region. Results for the AV functions for this region are shown in Figure 5.69.
For /a/, the word-medial nasal vowel maintains the lowest hypopharyngeal AV for the majority of






Nasalitynasal final −8.27 (1.05)∗∗∗
Nasalitynasalized −7.20 (1.08)∗∗∗
Nasalityoral −5.98 (1.06)∗∗∗
EDF: s(Time) 0.63 (0.63)∗
EDF: s(Time):Vowela 0.74 (0.74)
EDF: s(Time):Voweli 1.66 (2.14)
EDF: s(Time):Vowelu 0.74 (0.74)∗∗∗
EDF: s(Time):Nasalitynasal 5.80 (7.01)
EDF: s(Time):Nasalitynasal final 0.79 (0.79)∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)∗
EDF: s(Time):Nasalityoral 0.79 (0.79)










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.35: Results of the GAM run on the articulatory correlate of PC3 for BP18.
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Figure 5.69: AV value over time for the hypopharynx (vocal tract region strongly correlated with PC3)
region (speaker BP18).
nasalized and word-final nasal vowels both maintain the highest AV contours, with overlapping confidence
intervals across time.
For /i/, the nasalized vowel maintains the lowest AV contour over time for the hypopharyngeal region.
All other nasality conditions maintain a slightly higher AV contour, and all display overlapping confidence
intervals.
For /u/, the word-medial nasal vowel maintains the highest AV contour over time for the hypopharyngeal
region. The nasalized and word-final nasal vowels maintaining the lowest AV contours over time, and display
overlapping confidence intervals. The oral vowel’s AV contour is in an intermediate position, between that
of the nasalized/word-final nasal and word-medial nasal vowels.
165
Figure 5.70: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP19. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP19
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.70
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong negative correlation with
aperture of the hypopharyngeal region. Therefore, as PC3 increases, the hypopharyngeal region becomes
more constricted (i.e., lower AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is
expected for /u/ and /i/. Figure 5.2j shows the opposite of this pattern— /i/ and /u/ both maintain higher
PC3 loadings, while /a/ displays lower PC3 loadings.
A GAM was fit to the AV data to determine the effect of different conditions on the hypopharyngeal
region, as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration.
The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-
final nasal), and repetition number as variables. Results for the GAMs for the hypopharyngeal region are
found in Table 5.36. Vowel quality and nasality both had significant effects on AV, while time and repetition
number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
hypopharyngeal region. Results for the AV functions for this region are shown in Figure 5.71.
For /a/, the oral vowel maintains the lowest hypopharyngeal AV across time. The nasal vowels maintain






Nasalitynasal final −2.50 (0.38)∗∗∗
Nasalitynasalized −4.75 (0.38)∗∗∗
Nasalityoral 3.99 (0.38)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 1.18 (1.49)∗
EDF: s(Time):Voweli 0.99 (1.20)
EDF: s(Time):Vowelu 0.74 (0.74)∗∗
EDF: s(Time):Nasalitynasal 0.79 (0.79)
EDF: s(Time):Nasalitynasal final 2.99 (3.73)∗∗
EDF: s(Time):Nasalitynasalized 0.91 (1.02)
EDF: s(Time):Nasalityoral 0.79 (0.79)∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.36: Results of the GAM run on the articulatory correlate of PC3 for BP19.
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Figure 5.71: AV value over time for the hypopharynx (vocal tract region strongly correlated with PC3)
region (speaker BP19).
nasalized vowel maintains the lowest AV contour across time.
For /i/, the oral vowel maintains the lowest AV contour over time for the hypopharyngeal region. The
nasal vowels maintain lower AV contours, with the word-final nasal vowel maintaining a lower AV contour
across time. The nasalized vowel’s AV contour is overlapping with that of the word-final nasal vowel.
For /u/, the word-medial nasal vowel maintains the highest AV contour over time for the hypopharyngeal
region. The nasalized and word-final nasal vowels maintain lower AV contours over time, and display
overlapping confidence intervals in the second half of their respective durations. The oral vowel’s AV contour
is the lowest over time.
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Figure 5.72: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP20. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP20
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.72
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong positive correlation with
aperture of the tongue dorsum region. Therefore, as PC3 increases, the tongue dorsum region becomes less
constricted (i.e., higher AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is expected
for /u/ and /i/. Figure 5.2k shows this pattern— /i/ and /u/ both maintain lower PC3 loadings, while /a/
displays higher PC3 loadings.
A GAM was fit to the AV data to determine the effect of different conditions on the tongue dorsum region,
as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration. The
model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
nasal), and repetition number as variables. Results for the GAMs for the tongue dorsum region are found in
Table 5.37. Vowel quality and nasality both had significant effects on AV, while time and repetition number
did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the tongue
dorsum region. Results for the AV functions for this region are shown in Figure 5.73.
For /a/, the oral vowel maintains the highest tongue dorsum AV across time. The nasal vowels maintain






Nasalitynasal final 3.35 (0.29)∗∗∗
Nasalitynasalized 0.80 (0.30)∗∗
Nasalityoral 11.71 (0.29)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 2.99 (3.79)∗∗∗
EDF: s(Time):Voweli 3.58 (4.49)∗∗
EDF: s(Time):Vowelu 4.80 (5.94)
EDF: s(Time):Nasalitynasal 1.88 (2.40)
EDF: s(Time):Nasalitynasal final 5.18 (6.34)∗∗∗
EDF: s(Time):Nasalitynasalized 0.79 (0.79)
EDF: s(Time):Nasalityoral 0.79 (0.79)










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.37: Results of the GAM run on the articulatory correlate of PC3 for BP20.
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Figure 5.73: AV value over time for the tongue dorsum (articulator strongly correlated with PC3) region
(speaker BP20).
nasalized vowel’s AV contour is overlapping with that of the word-final nasal vowel.
For /i/, the oral vowel maintains the highest AV contour over time for the tongue dorsum region. The
nasal vowels maintain lower AV contours, with the word-final nasal vowel overlapping with the word-final
nasal and nasalized vowel throughout the first half of their respective durations, and maintaining a lower
AV contour across the second half of the vowels’ respective durations. The nasalized vowel’s AV contour is
overlapping with that of the word-final nasal vowel throughout time.
For /u/, the oral vowel maintains the highest AV contour over the majority of time for the tongue dorsum
region. The nasalized vowel’s AV contour is slightly lower than that of the oral vowel. The word-medial
nasal vowel’s AV contour is the lowest over time. The word-final nasal maintains a lower AV contour for the
majority of its duration, except in the middle of time, where its AV contour range surpasses that of the oral
vowel.
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Figure 5.74: AF for oral vowels and the correlation between each gridline and PC3 loadings, for speaker
BP21. Height of each line indicates aperture at that location in the vocal tract. Blue indicates a positive
correlation and red a negative correlation, with darker colors showing a stronger correlation.
BP21
To determine the articulatory meaning of PC3, a comparison of the oral vowels /a/, /i/ and /u/ was made,
as these are maximally distinct and their articulatory settings are most clearly established. Figure 5.74
shows the AF of representative oral vowels in relation to PC3. PC3 shows a strong negative correlation with
aperture of the mediopharyngeal region. Therefore, as PC3 increases, the mediopharyngeal region becomes
more constricted (i.e., lower AF). A higher PC3 is expected for the low vowel /a/, and a lower PC3 is
expected for /u/ and /i/. Figure 5.2l shows this pattern— /i/ and /u/ both maintain lower PC3 loadings,
while /a/ displays higher PC3 loadings.
A GAM was fit to the AV data to determine the effect of different conditions on the mediopharyngeal
region, as a function of time. Ten AV points were taken at normalized time points from each vowel’s duration.
The model includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-
final nasal), and repetition number as variables. Results for the GAMs for the mediopharyngeal region are
found in Table 5.38. Vowel quality and nasality both had significant effects on AV, while time and repetition
number did not.
The AV values were plotted over time using ssanova and compared within vowel categories to further
examine spatiotemporal characteristics of these vocal tract regions. AV values were calculated for the
mediopharyngeal region. Results for the AV functions for this region are shown in Figure 5.75.
For /a/, the word-final nasal vowel maintains the highest mediopharyngeal AV across time. The word-






Nasalitynasal final 4.65 (0.27)∗∗∗
Nasalitynasalized −5.92 (0.27)∗∗∗
Nasalityoral −2.88 (0.27)∗∗∗
EDF: s(Time) 0.63 (0.63)
EDF: s(Time):Vowela 2.42 (3.07)∗∗
EDF: s(Time):Voweli 2.92 (3.70)∗∗∗
EDF: s(Time):Vowelu 2.31 (2.95)∗∗
EDF: s(Time):Nasalitynasal 1.04 (1.23)
EDF: s(Time):Nasalitynasal final 0.79 (0.79)
EDF: s(Time):Nasalitynasalized 2.42 (3.07)∗∗
EDF: s(Time):Nasalityoral 2.60 (3.29)∗∗∗










Num. smooth terms 9
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 5.38: Results of the GAM run on the articulatory correlate of PC3 for BP21.
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Figure 5.75: AV value over time for the mediopharynx (vocal tract region strongly correlated with PC3)
region (speaker BP21).
nasal vowels’ AV contours throughout time, except for a short point in the middle where it becomes slightly
lower than that of the word-medial nasal vowel. The nasalized vowel maintains the lowest AV contour across
time.
For /i/, the nasal vowels maintains the lowest AV contour over time for the mediopharyngeal region, with
the word-final nasal vowel maintaining the highest AV contour across time. The nasalized vowel maintains
the lowest AV contour across time, and the oral vowel’s AV contour is between that of the nasalized and
word-medial nasal vowels.
For /u/, the word-final nasal vowel maintains the highest AV contour over time for the mediopharyngeal
region. The oral, nasalized and word-final nasal vowels maintain lower AV contours over time, and display
overlapping confidence intervals over time.
5.2.4 Summary
A summary of the results for AV contours are shown in Table 5.39. Dark shading indicates higher AV for
the oral vowel compared to the nasal vowel. Light shading indicates higher AV for the nasal vowel compared
to the oral vowel. Text indicates the nasality condition that the nasalized vowels pattern with.
PC1 showed strong correlation with the tongue blade for all speakers, and a simultaneous correlation with
the hyperpharyngeal region for eleven speakers. Tongue dorsum was correlated with PC2 for eight speakers,
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and with PC3 for four speakers. In general, /ã/ displayed a higher tongue blade position compared to /a/
and a lower tongue blade position for /ũ/ was seen compared to /u/. Two patterns were seen for /i/—a
higher tongue blade position for /̃ı/ was seen compared to /i/ for four speakers, and a lower position for eight
speakers. A wider hyperpharyngeal region for /̃ı/ and /ã/ were seen, compared to their oral counterparts.
/ũ/ displays a narrower hyperpharynx compared to /u/. A wider dorsal region for all oral vowels were seen,
compared to their nasal counterparts. Nasalized vowels demonstrate behavior similar to nasal vowels for
/u/, similar to oral vowels for /i/, and are mixed for /a/.
Speaker PC Articulatory Interpretation AV /a/ AV /i/ AV /u/
BP02 PC1 tongue blade nasal oral oral
PC1 hyperpharynx nasal nasal nasal
PC2 hypopharynx nasal oral oral
PC2 lips nasal oral oral
PC3 tongue dorsum nasal nasal nasal
BP04 PC1 hyperpharynx oral oral oral
PC2 hypopharynx oral oral oral
PC2 tongue tip oral nasal nasal
PC3 tongue dorsum nasal oral nasal
BP05 PC1 hyperpharynx nasal nasal nasal
PC1 tongue blade oral nasal nasal
PC2 hypopharynx nasal oral nasal
PC2 tongue dorsum nasal nasal nasal
PC3 glottis oral oral nasal
PC3 lips and tongue tip oral nasal nasal
BP06 PC1 tongue blade nasal oral nasal
PC1 hyperpharynx oral nasal nasal
PC2 hypopharynx nasal nasal oral
PC2 tongue tip nasal nasal oral
PC3 tongue dorsum nasal oral nasal
BP09 PC1 tongue blade oral nasal nasal
PC1 tongue tip nasal oral nasal
PC1 hyperpharynx nasal nasal nasal
PC2 tongue dorsum nasal nasal nasal
PC3 hypopharynx nasal nasal nasal
BP10 PC1 tongue blade nasal oral nasal
PC1 hyperpharynx nasal nasal nasal
PC2 tongue dorsum nasal nasal nasal
PC3 lips nasal nasal nasal
BP14 PC1 tongue blade nasal oral nasal
PC1 hyperpharynx nasal nasal oral
PC2 tongue dorsum nasal nasal nasal
PC2 hypopharynx nasal oral nasal
PC3 tongue tip nasal oral nasal
(a) Summary of the results of the PCA-based articulatory analysis,
male speakers.
Table 5.39: Summary of the results of the PCA-based articulatory analysis for the vowels /a/, /i/, and
/u/. Dark shading indicates higher AV for the oral vowel compared to the nasal vowel. Light shading
indicates higher AV for the nasal vowel compared to the oral vowel. Text indicates the nasality condition
that the nasalized vowel is more similar to.
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Speaker PC Articulatory Interpretation AV /a/ AV /i/ AV /u/
BP17 PC1 tongue blade oral oral nasal
PC1 hyperpharynx nasal oral nasal
PC2 tongue dorsum nasal nasal nasal
PC3 hypopharynx nasal oral oral
BP18 PC1 tongue blade nasal oral nasal
PC1 hyperpharynx oral nasal oral
PC2 tongue dorsum nasal nasal nasal
PC2 tongue tip oral nasal nasal
PC3 hypopharynx nasal oral oral
BP19 PC1 tongue blade nasal oral oral
PC1 hyperpharynx oral nasal nasal
PC2 mediopharynx oral nasal nasal
PC2 tongue tip nasal oral nasal
PC3 hypopharynx nasal nasal nasal
BP20 PC1 tongue blade oral oral nasal
PC2 hyperpharynx nasal nasal nasal
PC2 tongue dorsum nasal oral nasal
PC3 tongue dorsum nasal nasal nasal
BP21 PC1 tongue blade oral oral nasal
PC1 hyperpharynx nasal nasal nasal
PC2 tongue dorsum nasal nasal nasal
PC2 tongue tip nasal oral nasal
PC3 mediopharynx oral nasal oral





Lingual shape was analyzed in order to further understand the articulatory mechanisms associated with
nasalization in different contexts, and to further understand which articulators were responsible for changes
in AF. For example, in the tongue dorsum region, a change in AF could be due to tongue movement or
velar lowering. Without further information, it would be difficult to discuss changes in vocal tract aperture.
This analysis is limited to lingual shape in order to determine whether the tongue is the responsible for the
movement in these regions of question. If the tongue does not show movement in a particular vocal tract
region, then other articulators, such as the velum, are interpreted as being the responsible articulator for
differences in area in that region.
Using the same GUI in MATLAB as described in Section 5, tongue shape data was collected using data
from the tracing of the vocal tract. It is important to note that this data is the contour of the lower portion
of the vocal tract, used in calculating AF. While the AF information contains the entire vocal apparatus,
the gridlines associated with the glottis, epiglottis, teeth and lips were excluded from this analysis. Tongue
shapes were calculated for the beginning, middle, and end of each vowel repetition’s normalized duration.
Tongue shape was plotted using a GAM smooth in the function ggplot from the ggplot2 package (Wickham,
2009). Similar to ssanova, the GAM smooth shows 95% confidence intervals around the contour. In order
to show relative locations of the passive articulators, the the upper side of the vocal tract was plotted for a
randomly-selected repetition using ggplot2. Tongue shapes are plotted by vowel (/a, i, u/) and by time point
(beginning, midpoint, end), with the four nasality conditions (oral, nasalized, word-medial nasal, word-final
nasal) compared in each plot. Because of differences in anatomy, each speaker’s tongue shape is plotted




Figure 5.76: Tongue shape by nasality and vowel at three different time points (BP02).
Results for BP02 are shown in Figure 5.76. For /a/, the oral vowel maintains the lowest tongue blade
position over time. The word-final nasal vowel begins with the highest tongue blade, and maintains a rel-
atively steady tongue height over the course of the vowel’s duration. The word-medial nasal vowel begins
with a lower tongue blade height, and gradually raises over the course of the vowel’s duration, developing a
higher tongue blade and back compared to the word-final nasal. The nasalized vowel maintains an interme-
diate tongue blade position—it begins between the two nasal vowels, but as the tongue blade raises for the
word-medial vowel, it becomes intermediate to the word-medial and oral vowels.
For /i/, the four nasality conditions maintain similar tongue heights across time. The nasal vowels
maintain the highest tongue blade regions, with the word-final nasal maintaining the highest tongue blade.
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The word-medial nasal’s tongue blade is below that of the word-final nasal by the midpoint of its duration,
though it begins with a lower tongue blade. The oral vowel maintains a lower tongue position, with the
nasalized vowel’s tongue position slightly lower than that of the oral vowel. The tongue dorsum and root
are at similar levels to the oral vowel condition.
For /u/, the oral and word-final nasal vowels begin at similar heights, while the word-medial nasal vowel
maintains a lower tongue blade, and the nasalized vowel is in an intermediate tongue position. The nasal
vowels both raise in the tongue dorsum region over time, while the oral and nasalized vowels lower slightly.
This causes the oral vowel’s final position to be intermediate to the two nasal vowels, while the nasalized
vowel ends in the lowest tongue dorsum position.
BP04
Figure 5.77: Tongue shape by nasality and vowel at three different time points (BP04).
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Results for BP04 are shown in Figure 5.77. All nasality conditions maintain similar tongue positions
within vowel categories. For /a/, the oral vowel maintains a slightly higher and more fronted tongue blade
over time, with the nasalized vowel right below it. The nasal vowels maintain a slightly lower and more
posterior tongue blade position, with the word-medial nasal vowel maintaining a slightly lower tongue blade
position by the end of normalized time.
For /i/, the word-final nasal maintains the highest tongue blade position across time. The oral vowel’s
tongue blade position is slightly lower, and further forward. The nasalized and word-medial nasal vowels
begin at the same height, and the nasalized vowel gradually becomes slightly fronted and lower than the
word-medial nasal vowel.
For /u/, the oral, word-final nasal and nasalized vowels all show a similar degree of posteriority and
height, though the oral vowel is just slightly lower than the other two. The word-medial nasal maintains a
lower tongue blade position at the beginning of its duration. While the word-medial nasal vowel maintains its
position over time, the oral vowel manifests a lower and slightly fronted tongue position as time progresses.
The nasalized vowel also lowers slightly, though not to the same degree as the oral vowel.
BP05
Results for BP05 are shown in Figure 5.78. For /a/, the word-medial nasal vowel maintains the highest
and most backed tongue blade position across time. The word-final nasal vowel maintains a slightly lower
tongue blade, which also becomes more fronted throughout the course of its duration. The nasalized vowel
maintains a slightly lower tongue blade position, which also becomes slightly fronted across time. The oral
vowel maintains the lowest tongue blade position, which lowers and becomes slightly more backed across
time.
For /i/, the nasalized and word-final nasal vowels maintain a high tongue blade. The word-medial nasal
vowel is slightly lower, and the oral vowel maintains the lowest tongue blade position across time. While the
word-final and word-medial nasal vowels become slightly more retracted by their end, the nasalized vowel
becomes more fronted across time.
For /u/, the oral and word-final nasal vowel maintain the highest and most backed position at the
beginning of their durations. The word-final nasal vowel then raises and backs slightly, while the oral vowel
lowers. The nasalized and word-medial nasal vowels manifest lower and more fronted tongue positions at the
beginning of their durations. The word-medial nasal vowel undergoes slight fronting throughout its duration.
Because the tongue blade of the oral vowel lowers, it manifests a similar tongue shape to the word-medial
vowel at its midpoint.
180
Figure 5.78: Tongue shape by nasality and vowel at three different time points (BP05).
BP06
Results for BP06 are shown in Figure 5.79. For /a/, the oral vowel maintains the lowest tongue blade position
across time. The word-final nasal vowel maintains the highest tongue blade position. The word-medial nasal
vowel maintains a tongue blade position slightly higher than that of the oral vowel. The nasalized vowel
maintains a tongue blade position slightly lower than that of the word-final nasal vowel, though it backs
slightly throughout its duration.
For /i/, the nasal vowels maintain the highest tongue position, with the word-medial nasal vowel main-
taining a slightly higher tongue blade position. The oral vowel’s tongue blade position is slightly lower than
the word-final nasal vowel, with the nasalized vowel manifesting the lowest tongue blade position. This
pattern persists across the duration of the vowels.
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Figure 5.79: Tongue shape by nasality and vowel at three different time points (BP06).
For /u/, the oral vowel maintains the highest tongue blade position, and for most of its duration, the
most fronted position. The word-medial nasal vowel maintains the lowest tongue blade position. The word-
final nasal vowel begins with a tongue blade position slightly lower than that of the oral vowel, though it
backs and raises slightly throughout its duration. The nasalized vowel maintains a height similar to that
of the word-medial nasal vowel, though it is slightly higher and more fronted. It backs and lowers slightly
throughout time, until it ends with a similar height to the word-medial nasal vowel.
BP09
Results for BP09 are shown in Figure 5.80. For /a/, the nasal vowels maintain the highest tongue blade
position, with the word-medial nasal vowel displaying a slightly higher tongue blade. The oral vowel main-
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Figure 5.80: Tongue shape by nasality and vowel at three different time points (BP09).
tains the lowest, and slightly more fronted, tongue position. The nasalized vowel maintains a tongue height
intermediate to that of the oral and nasal vowels. This pattern persists over the course of the vowels’
durations.
For /i/, the nasalized vowel maintains the highest tongue blade position. The nasal vowels both maintain
lower tongue blade positions. The oral vowel begins at a similar height as the nasal vowels, but lowers over
time, and becomes slightly more backed.
For /u/, the nasalized vowel maintains a slightly higher tongue position than the word-medial nasal for
its beginning. It then lowers slightly, ending at the same height as the word-medial nasal vowel. The oral
vowel maintains the lowest tongue dorsum position, and becomes lower over the course of its duration. The
word-final nasal vowel maintains an intermediate tongue position over the course of time.
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BP10
Figure 5.81: Tongue shape by nasality and vowel at three different time points (BP10).
Results for BP10 are shown in Figure 5.81. All nasality conditions maintain similar tongue positions
within vowel categories. For /a/, the word-medial nasal and oral vowels maintain slightly lower and more
fronted tongue blade positions, compared to the word-final and nasalized vowel conditions. The word-medial
nasal vowel’s tongue blade raises to the height of the nasalized vowel throughout time, leaving the oral vowel
with the lowest tongue blade position by the end of normalized time.
For /i/, the nasal vowels maintain the highest and most retracted tongue blade positions. The word-
medial nasal vowel fronts slightly throughout the course of its duration. The oral vowel maintains a slightly
lower tongue blade position over time, while the nasalized vowel maintains the lowest tongue blade position.
For /u/, the oral and word-final nasal vowels maintain the highest and most fronted tongue positions
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throughout time. The nasalized vowel shows a slightly lower tongue blade position. The word-medial nasal
vowel displays a lower and more retracted tongue blade position in its beginning, but becomes slightly higher
and more fronted by the end of its duration, becoming similar to the word-medial nasal vowel.
BP14
Figure 5.82: Tongue shape by nasality and vowel at three different time points (BP14).
Results for BP14 are shown in Figure 5.82. For /a/, the oral vowel maintains the most fronted tongue
position throughout its duration. It begins at a similar height as the other vowels, but lowers quickly to
become the most open vowel of the group. The word-medial nasal and nasalized vowels have the highest
tongue blade positions. The word-final nasal vowel begins at an intermediate position to the oral and other
vowels, and then raises slightly to be at the same level as the nasalized and word-medial nasal vowels by the
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end of their durations.
For /i/, the word-final nasal vowel maintains the highest tongue blade position. The oral vowel starts in
a position just below that of the word-final nasal vowel, then gradually lowers over time. The word-medial
nasal vowel begins at the same height as the oral vowel, but maintains this height over time. The nasalized
vowel begins at the lowest tongue position, but then as the oral vowel lowers, ends in a slightly higher tongue
position.
For /u/, the oral vowel maintains the highest and most fronted tongue blade position throughout time.
The other nasality conditions begin at a similar height just below that of the oral vowel, but then the
nasalized vowel lowers slightly across time. The nasal vowels both display slightly more posterior tongue
positions.
BP17
Results for BP17 are shown in Figure 5.83. For /a/, the oral vowel maintains the lowest and more fronted
tongue position over time. The other nasality conditions maintain a higher, but overlapping, tongue shapes,
except in the beginning, when the word-final nasal vowel maintains a slightly higher and more fronted tongue.
For /i/, the nasalized vowel maintains the lowest tongue height over time. The oral vowel begins with
a tongue height slightly above that of the nasalized vowel, but lowers slightly to be of a similar height to
the nasalized vowel by the end of the vowel’s duration. The nasal vowels maintain higher tongue contours
throughout their durations.
For /u/, the oral vowel maintains the highest tongue blade across time. The word-final nasal vowel
maintains a tongue shape slightly below that of the oral vowel, with the nasalized vowel’s tongue shape
below that of the word-final nasal vowel. The word-medial nasal vowel maintains the lowest tongue height
for the first half of its duration, and then is at a level similar to that of the nasalized vowel by its end.
BP18
Results for BP18 are shown in Figure 5.84. For /a/, the word-final nasal vowel maintains the most fronted
and highest tongue blade shape across time. The word-medial vowel maintains a slightly more backed tongue
blade position. The nasalized vowel displays a slightly lower tongue position. The oral vowel begins at a
level similar to that of the nasalized vowel and then lowers slightly over time.
For /i/, the word-final nasal vowel maintains the highest tongue position throughout its duration. The
nasalized vowel’s tongue position is slightly lower than that of the word-final nasal vowel. The oral vowel
begins at a level slightly below the nasalized vowel, and then lowers so it is at a tongue height comparable
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Figure 5.83: Tongue shape by nasality and vowel at three different time points (BP17).
to the word-medial nasal vowel, which maintains the lowest tongue blade throughout its duration.
For /u/, the oral vowel begins with a slightly higher tongue blade position than the word-final nasal
vowel, which then raises over time to come quite close to the soft palate. The word-medial nasal vowel
begins with a tongue height similar to that of the nasalized vowel, but then it raises over time, to be higher
than that of the oral vowel.
BP19
Results for BP19 are shown in Figure 5.85. For /a/, the oral vowel maintains a slightly lower tongue blade
than the other nasality conditions, which all maintain similar tongue shapes across time. The tongue shapes
for /i/ are all similar across time. For /u/, the oral vowel maintains a slightly fronted tongue blade, while
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Figure 5.84: Tongue shape by nasality and vowel at three different time points (BP18).
the other vowels maintain similar tongue shapes across time.
BP20
Results for BP20 are shown in Figure 5.86. For /a/, the oral and nasalized vowels maintain slightly lower
tongue bodies, with the oral vowel showing a slightly more fronted tongue blade. The nasal vowels maintain
higher tongue bodies over time, with the word-medial nasal displaying a slightly higher tongue position.
For /i/, the oral and word-final nasal vowels maintain similar tongue blade positions. The nasalized vowel
maintains a slightly lower tongue blade, while the word-medial nasal vowel maintains the lowest tongue blade
position. This pattern is maintained across the vowels’ durations.
For /u/, the nasalized vowel maintains the highest tongue blade position. The nasal vowels display
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Figure 5.85: Tongue shape by nasality and vowel at three different time points (BP19).
slightly lower and more retracted tongue blade positions. The oral vowel maintains the lowest tongue blade
position across its duration.
BP21
Results for BP21 are shown in Figure 5.87. For /a/, the oral vowel maintains the lowest tongue blade
position over time. The other three nasality conditions maintain slightly higher tongue blade positions, with
the word-final nasal and nasalized vowels sightly higher than the word-medial nasal vowel.
For /i/, the word-final nasal and oral vowels maintain higher tongue blade positions, with the nasal vowel
raising over time. The nasalized vowel maintains a slightly lower tongue blade position, though it raises
across time to the level of the oral vowel, which lowers slightly across time. The word-medial nasal vowel
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Figure 5.86: Tongue shape by nasality and vowel at three different time points (BP20).
maintains the lowest tongue blade position, though it raises to be closer to the level of the oral and nasalized
vowels by the end of its duration.
For /u/, the nasalized vowel maintains a slightly more fronted tongue position. The word-final nasal
vowel is at the same tongue height as the nasalized vowel, with the word-medial nasal vowel just below it.
The oral vowel displays a slightly lower tongue blade position across time.
5.3.1 Summary
A summary of the results for the tongue shape analysis is found in Table 5.40. Dark shading indicates a
higher tongue blade position for the nasal vowel compared to the nasal vowel, and light shading indicates
a higher tongue blade position for the oral vowel compared to the nasal vowel. Text indicates the nasality
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Figure 5.87: Tongue shape by nasality and vowel at three different time points (BP21).
condition that the nasalized vowels pattern with.
In general, results for tongue shape mirror the results for tongue blade and hyperpharyngeal AV. When
AV is relatively high, tongue blade position is relatively low, and the tongue root is further retracted,
indicating a more constricted hyperpharyngeal region. This confirms that the AV analysis reflects changes
in oropharyngeal articulation, rather than other articulatory changes such as velar lowering. Furthermore,
results indicate that /̃ı/ and /ũ/ show nasal coda consonant emergence for most speakers. This is evident in
the tongue shape results, which show raising of the tongue tip towards the palate for /̃ı/ and raising of the
tongue dorsum towards the velum for /u/. For example, BP02 shows a very narrow constriction by the end
of /̃ı/ and /ũ/. BP04 shows more constriction for /̃ı/ than for /ũ/, while BP05 shows more constriction for
/ũ/ compared to /̃ı/. The nasalized vowels do not show evidence of nasal coda consonant emergence.
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Speaker /a/ /i/ /u/
BP02 nasal oral oral
BP04 nasal nasal nasal
BP05 oral nasal nasal
BP06 nasal oral nasal
BP09 oral nasal nasal
BP10 nasal oral nasal
BP14 nasal oral nasal
BP17 oral oral nasal
BP18 nasal oral nasal
BP19 nasal oral oral
BP20 oral oral nasal
BP21 nasal oral nasal
Table 5.40: Results of tongue shape analysis, by height of tongue blade, at midpoint of vowel for all
speakers. Dark shading indicates a higher tongue blade position for the nasal vowel compared to the oral
vowel, and light shading indicates a higher tongue blade position for the oral vowel compared to the nasal
vowel. Text indicates the nasality condition that the nasalized vowel is more similar to.
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Chapter 6
Multislice Articulation Study Results
The study described below was conducted using the multislice rt-MRI data, described in Chapter 4. Five
regions of interest (ROI) were taken from the four slices:
• ROI surrounding the tongue tip from the coronal slice
• ROI surrounding the hyperpharyngeal opening from the superior axial slice
• ROI surrounding the hypopharyngeal opening from the inferior axial slice
• ROI surrounding the tongue dorsum opening from the oblique slice
• ROI surrounding the velopharyngeal opening from the oblique slice
Examples of the ROIs and the orientation of the four slices acquired are shown in Figure 6.1.
The images were converted to a black and white image using the im2bw function in MATLAB (Inc.,
2012), at a threshold of 0.2 pixel intensity. The number of black pixels (i.e., regions where there is no
tissue) was divided by the total number of pixels in the ROI, to give an open proportion (OP) within the
ROI. Range of OP is 0–1, where 0 is totally closed (i.e., the ROI is full of tissue) and 1 is totally open
(i.e., no tissue in the ROI). OP was extracted from the image stack for each image within the duration of
the vowels of interest, based on manual segmentation of audio files in Praat (Boersma and Weenink, 2012).
Image number within the vowel’s duration was divided by the total number of images associated with the
vowel, to give normalized time (range 0–1). Due to a misplacement of the inferior axial slice, speaker BP14’s
hypopharyngeal ROI was excluded from the analysis.
6.1 GAM
For each ROI, a generalized additive model (GAM) was run using the mgcv package (Wood and Wood, 2017)
in R (R Core Team, 2016), to determine the effect of different conditions on OP, as a function of time. The
models includes vowel identity (/a, i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final
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nasal), speaker, gender, repetition number, and normalized time (range 0–1) as predictors, and OP as the
dependent variable.
Results of the GAMs are summarized in Table 6.1. For the coronal GAM, the model accounted for 71.6%
percent of the total deviance in the data. There is a significant effect on OP for the vowels /a/ and /i/, but
not /u/. There is also a significant effect on OP for nasality conditions, with the exception of the nasalized
condition. Speaker has a significant effect on OP, while speaker gender does not. The hyperpharyngeal
GAM accounted for 85.7% of the deviance in the data. Vowel and nasality both show an effect on OP,
though their interactions with time do not. Speaker also has an effect on OP, whereas gender does not. The
hypopharyngeal GAM accounted for 60.4% of the deviance in the data. Vowel and nasality both show an
effect on OP, though their interactions with time do not, nor does time itself. Speaker also has an effect on
OP, whereas gender does not. For the velopharyngeal opening, 85.7% of the deviance in the data is explained
by the GAM. Vowel, nasality, and speaker have significant effects on OP, while time and gender do not. For
the tongue dorsum ROI, vowel, nasality, speaker and time have effects on OP, while gender does not. The
model accounts for 77.8% of the variance in the data.
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(a) Positions of the four simultaneously-acquired slices,
sagittal view.
(b) Tongue tip ROI in the coronal slice.
(c) Hyperpharyngeal ROI in the superior axial slice. (d) Hypopharyngeal ROI in the inferior axial slice.
(e) Tongue dorsum ROI in the oblique slice. (f) Velopharyngeal ROI in the oblique slice.
Figure 6.1: Examples of the orientation of the four simultaneously-acquired multislice rt-MR image stacks























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To compare the OP data across nasality conditions, ssanova was used with the R package gss (Gu, 2007)
to compare each of the five OP contours across time. Data for the thirteen speakers was z-score normalized
in order to compare trends within the dataset, as well as individual differences. Plots of the ssanova fits for
the OP trajectories were made using the ggplot package (Wickham, 2000) in R. ssanova plots were made
by ROI and vowel.
6.2.1 Coronal ROI
In regards to the vowel category /a/, the majority of speakers showed the oral vowel maintaining a higher
OP value than the nasal vowels. Only two speakers did not show this pattern—BP02 produces the oral
vowel with the same openness quality as the word-medial nasal vowel. Speaker BP07 produces the oral
vowel with a similar OP as the word-final nasal vowel for the second half of its duration. BP14 and BP17
show the oral vowel maintaining an intermediate OP for /a/ between the two nasal vowels. For all other
speakers, OP of oral /a/ is higher than that of the nasal vowels. In regards to the nasalized vowel, results
are mixed—four speakers show the nasalized vowel maintaining a higher OP than the oral vowel (and nasal
vowels), two speakers show the nasalized vowel being produced with a similar OP to the oral vowel, two
speakers show the nasalized vowel being produced with a similar OP to the nasal vowels, and five speakers
show the nasalized vowel being produced with an intermediate OP to the oral and nasal vowels. Results for
the male speakers are shown in Figure 6.2, and for the female speakers in Figure 6.3.
In regards to the vowel category /i/, two patterns emerge. For five speakers, the oral vowel is lower in
OP, and for eight speakers the OP is higher for oral vowels compared to the nasal vowels. For the majority
of speakers (eight of thirteen speakers), the nasalized vowel shows patterns similar to those of the oral vowel.
For speakers BP02, BP04, BP07, BP09, and BP17 the nasalized vowels show similar patterns to one or
both nasal vowels. There is variation between the two nasal vowels—for seven speakers, the word-final nasal
vowel is slightly more open, whereas for six speakers the word-medial nasal vowel is the more open of the
two. Results for the male speakers are shown in Figure 6.4, and for the female speakers in Figure 6.5.
In regards to the vowel category /u/, ten of thirteen speakers show the oral vowel maintaining a lower
OP value across time compared to its nasal counterpart. Of those eight speakers, six produced the nasalized
vowel with a lower OP than the oral vowel. For the remaining five speakers, who produced the oral vowel
with a higher OP than the nasal vowels, the nasalized vowel was produced with a higher OP than the oral
vowel for two speakers (BP14 and BP18), and an OP similar to the nasal vowels for the other three speakers.




















































































































































Nasality nasal nasal_final nasalized oral
Coronal, /a/ (Male Speakers)










































































































Nasality nasal nasal_final nasalized oral
Coronal, /a/ (Female Speakers)



















































































































































Nasality nasal nasal_final nasalized oral
Coronal, /i/ (Male Speakers)




































































































Nasality nasal nasal_final nasalized oral
Coronal, /i/ (Female Speakers)























































































































































Nasality nasal nasal_final nasalized oral
Coronal, /u/ (Male Speakers)







































































































Nasality nasal nasal_final nasalized oral
Coronal, /u/ (Female Speakers)
Figure 6.7: OP for /u/ in the coronal ROI, female speakers.
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6.2.2 Hyperpharyngeal ROI
In regards to the vowel category /a/, the majority of speakers (twelve of thirteen) show the a greater OP
value in the hyperpharyngeal region for the nasal vowels, compared to the oral vowels. Only one speaker—
BP09—showed the opposite pattern. Ten speakers show the nasalized vowel patterning with the nasal
vowels, while three speakers show the nasalized vowel having similar OP to the oral vowels. For two of the
ten speakers where the nasalized vowel is similar to the nasal vowels, the OP of the nasalized vowel is in an
intermediate position between the oral and nasal vowels, whereas for the other speakers it shows overlapping
OP with the nasal vowels. Results for the male speakers are shown in Figure 6.8, and for the female speakers
in Figure 6.9.
In regards to the vowel category /i/, eight speakers produced the nasal vowels with a higher OP than
the oral vowel, while five speakers showed the opposite pattern. For the nasalized vowel, the results are
split. Seven speakers show the nasalized vowel patterning with the nasal vowels, while six speakers show
the nasalized vowel having similar OP to the oral vowels. For those speakers showing a similarity in OP
between the oral and nasalized vowels, the nasalized vowel shows the same or similar pattern to the oral
vowel, rather than an intermediate position, but does not show a greater difference from the nasal vowels
compared to the oral vowel’s difference from the nasal vowels. Results for the male speakers are shown in
Figure 6.10, and for the female speakers in Figure 6.11.
In regards to the vowel category /u/, nine speakers produced the oral vowels with a higher OP than the
nasal vowel, while four speakers showed the nasal vowels having a higher OP. The results for the nasalized
vowels show four speakers producing the nasalized vowels similarly to the nasal vowels. Two of these four
speakers (BP10, BP14) show the oral and nasalized vowels having the higher OP than the nasal vowels.
The remaining nine speakers produce the nasalized vowels similar to the oral vowels. Results for the male





















































































































































Nasality nasal nasal_final nasalized oral
Hyperpharyngeal, /a/ (Male Speakers)







































































































Nasality nasal nasal_final nasalized oral
Hyperpharyngeal, /a/ (Female Speakers)























































































































































Nasality nasal nasal_final nasalized oral
Hyperpharyngeal, /i/ (Male Speakers)







































































































Nasality nasal nasal_final nasalized oral
Hyperpharyngeal, /i/ (Female Speakers)



















































































































































Nasality nasal nasal_final nasalized oral
Hyperpharyngeal, /u/ (Male Speakers)










































































































Nasality nasal nasal_final nasalized oral
Hyperpharyngeal, /u/ (Female Speakers)
Figure 6.13: OP for /u/ in the hyperpharyngeal ROI, female speakers.
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6.2.3 Hypopharyngeal ROI
In regards to the vowel category /a/, eleven of twelve speakers for whom data was available produced the
nasal vowel with a higher OP compared to the oral vowel. Eight of these twelve speakers produce the
nasalized vowel similarly to the nasal vowels, whereas four speakers produce the nasalized vowel similarly to
the oral vowel. Only one speaker of the four (BP10) shows a larger difference between the nasal and nasalized
vowels, compared to the difference between the oral and nasal vowels. Results for the male speakers are
shown in Figure 6.14, and for the female speakers in Figure 6.15.
In regards to the vowel category /i/, the results are more evenly split compared to /a/—seven speakers
produce the nasal vowel with a higher OP compared to the oral vowel, whereas five speakers produce the
nasal vowel with a lower OP than the oral vowel. For these speakers, four produce the nasalized vowel
similarly to the nasal vowels, and eight produce the nasalized vowel similarly to the oral vowel. Three
speakers (BP04, BP06, and BP19) show possible compensatory articulation in this region. Results for the
male speakers are shown in Figure 6.16, and for the female speakers in Figure 6.17.
In regards to the vowel category /u/, three speakers produce the nasal vowel with a higher hypopharyngeal
OP compared to the oral vowel, whereas nine speakers produce the oral vowel with the higher OP. Only
two speakers (BP20 and BP21) produce the nasalized vowel similarly to the oral vowel. The remaining ten
speakers produce the nasalized vowel similarly to the nasal vowels. Results for the male speakers are shown




































































































































Nasality nasal nasal_final nasalized oral
Hypopharyngeal, /a/ (Male Speakers)









































































































Nasality nasal nasal_final nasalized oral
Hypopharyngeal, /a/ (Female Speakers)







































































































































Nasality nasal nasal_final nasalized oral
Hypopharyngeal, /i/ (Male Speakers)











































































































Nasality nasal nasal_final nasalized oral
Hypopharyngeal, /i/ (Female Speakers)




































































































































Nasality nasal nasal_final nasalized oral
Hypopharyngeal, /u/ (Male Speakers)





































































































Nasality nasal nasal_final nasalized oral
Hypopharyngeal, /u/ (Female Speakers)
Figure 6.19: OP for /u/ in the hypopharyngeal ROI, female speakers.
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6.2.4 Tongue Dorsum ROI
In regards to the vowel category /a/, only two speakers—BP07 and BP14—produced the nasal vowels with
a higher OP compared to the oral vowels. The remaining eleven speakers produced the oral vowels with
a higher tongue dorsum OP. The majority of speakers—nine of thirteen—produced the nasalized vowel
similarly to the nasal vowel. For the four remaining speakers, there was no evidence of compensatory
articulation; rather, the nasalized and oral vowels were produced similarly. Results for the male speakers
are shown in Figure 6.20, and for the female speakers in Figure 6.21.
In regards to the vowel category /i/, seven speakers produced the nasal vowels with a higher OP com-
pared to the oral vowels. Six speakers produced the oral vowels with a higher tongue dorsum OP. Results
regarding the nasalized vowel were similarly split. Eight speakers produced the nasalized vowel similarly to
the nasal vowels, while five speakers produced the nasalized vowel similarly to the oral vowels. Of these five
speakers, two produced the nasalized vowel with a slightly lower amount of OP, indicating possible compen-
satory articulation. Results for the male speakers are shown in Figure 6.22, and for the female speakers in
Figure 6.23.
In regards to the vowel category /u/, nine speakers produced the nasal vowels with a higher OP compared
to the oral vowel. The remaining four speakers produced the oral vowel with a comparatively higher OP.
Five speakers produced the nasalized vowel similarly to the nasal vowels, while eight speakers produced the
nasalized vowel similarly to the oral vowels. Results for the male speakers are shown in Figure 6.24, and for























































































































































nasality nasal nasal_final nasalized oral
Tongue Dorsum, /a/ (Male Speakers)







































































































nasality nasal nasal_final nasalized oral
Tongue Dorsum, /a/ (Female Speakers)



















































































































































nasality nasal nasal_final nasalized oral
Tongue Dorsum, /i/ (Male Speakers)









































































































nasality nasal nasal_final nasalized oral
Tongue Dorsum, /i/ (Female Speakers)


















































































































































nasality nasal nasal_final nasalized oral
Tongue Dorsum, /u/ (Male Speakers)








































































































nasality nasal nasal_final nasalized oral
Tongue Dorsum, /u/ (Female Speakers)
Figure 6.25: OP for /u/ in the tongue dorsum ROI, female speakers.
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6.2.5 Velopharyngeal ROI
Unsurprisingly, the results for the velopharyngeal region show the oral vowel maintaining a significantly
lower OP than the nasal vowels across time, for all vowel categories. There are only two exceptions to
this—for speaker BP09 and speaker BP20, the vowel category /a/ shows a higher OP for the oral vowel
compared to the nasal vowel. Further inspection of the data shows a difference in placement of the oblique
slice compared to other speakers. Specifically, the angle of the oblique slice is bigger and the slice is placed
in a more anterior position for these speakers. For the nasalized vowel, the following patterns emerged: For
/a/, seven of thirteen speakers produce the nasalized vowel in a manner similar to the nasal vowels across
time, though the amount of velopharyngeal opening is largely lower than that of the nasal vowels, especially
in the first half of the vowels’ durations. Results for the male speakers are shown in Figure 6.26, and for the
female speakers in Figure 6.27. For /i/, nine of thirteen speakers produce the nasalized vowel in a manner
similar to the nasal vowels across time. Once again, for these speakers, the nasalized vowel tends to begin
at a lower OP value and increase across time. Results for the male speakers are shown in Figure 6.28, and
for the female speakers in Figure 6.29. For /u/, eleven of thirteen speakers produce the nasalized vowel in
a manner similar to the nasal vowels across time. Results for the male speakers are shown in Figure 6.30,
and for the female speakers in Figure 6.31.
6.2.6 Summary
A summary of the results of the OP-based analysis is found in Table 6.2. Results largely mirror those of
the mid-sagittal analysis in Chapter 5. In general, for the vowel category /a/, the coronal ROI shows mixed
results, a wider hyperpharynx and hypopharynx are seen for the nasal vowel compared to the oral vowel,
and a more open dorsal region for the oral vowel compared to the nasal vowel. Results were mixed for the
nasalized vowels, though they tended to be more similar to the nasal vowel compared to the oral vowel.
For the vowel category /i/, results are also split for the coronal ROI. The hyperpharynx and hypopharynx
are generally wider for the nasal vowel compared to the oral vowel. The tongue dorsum region is wider for
nasal vowels compared to oral vowels. Results for the nasalized vowel tended to be more similar to the oral
vowel than the nasal vowel. For the vowel category /u/, the nasal vowel showed a wider coronal region. The
hyperpharynx and hypopharynx are generally wider for the oral vowel compared to the nasal vowel. The
tongue dorsum region is wider for the nasal vowels. Nasalized vowels tended to be more similar to the nasal















































































































































Nasality nasal nasal_final nasalized oral
VP, /a/ (Male Speakers)









































































































Nasality nasal nasal_final nasalized oral
VP, /a/ (Female Speakers)


















































































































































Nasality nasal nasal_final nasalized oral
VP, /i/ (Male Speakers)








































































































Nasality nasal nasal_final nasalized oral
VP, /i/ (Female Speakers)

























































































































































Nasality nasal nasal_final nasalized oral
VP, /u/ (Male Speakers)





































































































Nasality nasal nasal_final nasalized oral
VP, /u/ (Female Speakers)
Figure 6.31: OP for /u/ in the velopharyngeal opening ROI, female speakers.
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Speaker ROI /a/ /i/ /u/
BP02 Coronal nasal nasal oral
Hyperpharyngeal nasal oral oral
Hypopharyngeal nasal oral nasal
Tongue Dorsum nasal nasal oral
VP nasal nasal nasal
BP04 Coronal oral nasal oral
Hyperpharyngeal oral oral oral
Hypopharyngeal nasal nasal nasal
Tongue Dorsum nasal oral nasal
VP oral nasal nasal
BP05 Coronal oral oral nasal
Hyperpharyngeal nasal nasal oral
Hypopharyngeal nasal nasal nasal
Tongue Dorsum nasal oral oral
VP nasal oral nasal
BP06 Coronal oral oral oral
Hyperpharyngeal nasal oral nasal
Hypopharyngeal oral oral nasal
Tongue Dorsum oral oral oral
VP nasal nasal nasal
BP07 Coronal nasal nasal oral
Hyperpharyngeal oral oral nasal
Hypopharyngeal nasal oral nasal
Tongue Dorsum nasal nasal oral
VP oral nasal nasal
BP09 Coronal nasal nasal nasal
Hyperpharyngeal nasal nasal nasal
Hypopharyngeal oral nasal nasal
Tongue Dorsum oral nasal nasal
VP oral oral nasal
BP10 Coronal oral oral nasal
Hyperpharyngeal oral oral oral
Hypopharyngeal oral nasal nasal
Tongue Dorsum nasal nasal nasal
VP nasal nasal nasal
BP14 Coronal nasal oral oral
Hyperpharyngeal nasal nasal oral
Tongue Dorsum oral oral oral
VP oral oral oral
BP17 Coronal oral nasal oral
Hyperpharyngeal nasal nasal oral
Hypopharyngeal nasal oral nasal
Tongue Dorsum oral nasal oral
VP nasal nasal nasal
BP18 Coronal nasal oral oral
Hyperpharyngeal nasal nasal oral
Hypopharyngeal nasal oral nasal
Tongue Dorsum nasal nasal nasal
VP oral nasal oral
BP19 Coronal nasal oral oral
Hyperpharyngeal nasal nasal nasal
Hypopharyngeal nasal oral nasal
Tongue Dorsum nasal nasal nasal
VP nasal nasal nasal
BP20 Coronal nasal oral oral
Hyperpharyngeal nasal oral oral
Hypopharyngeal oral oral oral
Tongue Dorsum nasal nasal oral
VP nasal nasal nasal
BP21 Coronal oral nasal oral
Hyperpharyngeal nasal nasal oral
Hypopharyngeal nasal oral oral
Tongue Dorsum nasal nasal nasal
VP oral oral nasal
Table 6.2: Summary of the multi-slice data analysis results. Dark shading indicates higher OP for the oral
vowel compared to the nasal vowel. Light shading indicates higher OP for the nasal vowel compared to the
oral vowel. Text indicates the nasality condition that the nasalized vowel is more similar to.
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6.3 Cluster Analysis
In order to determine whether the five OP values can be used to account for the diversity in the data by
nasality condition, clustering analysis was conducted on each vowel category. OP data was z-scored by
speaker so that the entire speaker population being analyzed could be be accounted for in a single model.
Data was split into a training set (75% of tokens) and a testing set (25% of tokens). The dapc function
in R (Jombart, 2008; Jombart and Ahmed, 2011) was used to conduct a linear discriminant analysis on
principal components on the training set. Based on maximum amount of variance explained, three linear
discriminants and four PCs were retained for each model. The model was used to predict the categories of
the testing set. Cluster dendrograms, based on the relative differences between each group, were created.
For /a/, the model accounted for 91.6% of the total variance in the data. The model was 53.5% accurate
in classifying the testing dataset into the correct categories. Figure 6.32 shows the confusion matrix between
the original and predicted nasality categories. The model accurately predicted the oral and word-final nasal
vowels 73% of the time. The model also predicted the nasalized vowel correctly 39.6% of the time, and the
word-medial nasal vowel 17% of the time. For the nasalized vowel, it was mistaken as a nasal vowel 39% of
the time, and an oral vowel 21% of the time. The cluster dendrogram, based on the distances between the
nasality conditions, can be found in Figure 6.33. The oral /a/ is considerably further from all other nasality
conditions. Nasalized vowels cluster quite similarly to the nasal vowels, especially the word-medial nasal
vowel.
For /i/, the model accounted for 93.1% of the total variance in the data. The model was 40.1% accurate
in classifying the testing dataset into the correct categories. Figure 6.34 shows the confusion matrix between
the original and predicted nasality categories. The model accurately predicted the oral vowels 60.3% of the
time, and the nasalized vowel correctly 31.2% of the time. The model also predicted the word-medial nasal
vowel 18.9% of the time, and the word-final nasal vowel 46.3% of the time. For the nasalized vowel, it was
mistaken as a nasal vowel 29% of the time, and an oral vowel 39% of the time. The cluster dendrogram,
based on the distances between the nasality conditions, can be found in Figure 6.35. The oral and nasalized
/i/ display their own cluster, while the nasal vowels are clustered together in a separate branch.
For /u/, the model accounted for 91.5% of the total variance in the data. The model was 46.1% accurate
in classifying the testing dataset into the correct categories. Figure 6.36 shows the confusion matrix between
the original and predicted nasality categories. The model accurately predicted the oral vowels 70.2% of the
time, and the nasalized vowel correctly 41.8% of the time. The model also predicted the word-medial nasal
vowel 64.1% of the time, and the word-final nasal vowel 4% of the time. For the nasalized vowel, it was


















Confusion Matrix by Nasality, /a/
Figure 6.32: Confusion plot for predictions of the DAPC model on /a/, by nasality condition.
based on the distances between the nasality conditions, can be found in Figure 6.37. The oral /u/ is separate
from the other nasality conditions, while the nasal vowels are clustered together in a separate branch. This
distance is not as large as that of the oral /a/ from its nasal counterparts. Nasalized vowels cluster quite
similarly to the nasal vowels, especially the word-final nasal vowel.
Results of the cluster analysis indicate that the oral vowels are distinct from the nasal vowels for all vowel
categories, as they are consistently predicted to be oral based on their articulatory configurations. Other
nasality conditions show less accurate predictions of their categorical membership, to varying degrees. These
results also indicate a difference in the nasalized vowel based on vowel condition. For the vowel categories
/a/ and /u/, the nasalized vowel is more similar to the nasal vowel. This is seen in the cluster dendrograms,
as well as in the confusion plots—nasalized vowels are more often predicted to be nasal than oral for these
vowel categories. For /i/, the cluster dendrogram shows oral and nasalized vowels being produced more
similarly. The confusion plot for /i/ also shows that the nasalized vowel is mistaken for the oral vowel more
than the nasal vowel.
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Confusion Matrix by Nasality, /i/
Figure 6.34: Confusion plot for predictions of the DAPC model on /i/, by nasality condition.
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Confusion Matrix by Nasality, /u/
Figure 6.36: Confusion plot for predictions of the DAPC model on /u/, by nasality condition.
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7.1 Vowel Space Plots
First, in order to determine the relative position of the vowels within the vowel space, formant values were
extracted from the acoustic recordings made in the sound-attenuating booth. Data was taken from the
recordings made for twelve speakers. Due to scheduling constraints, speaker BP09 was unable to participate
in the portion of the experiment involving sound-attenuating booth recordings. The first two formants were
extracted at the midpoint of each vowel using a script in Praat (Boersma and Weenink, 2012). Formant
values were plotted on an F1-F2 axis using the phonR package in R (McCloy, 2015). Ellipses indicating the
95% confidence intervals are drawn around vowel clusters, to indicate the central tendencies of F1 and F2
for each vowel/nasality condition pair. To determine the potential effects of gravity on the vowel space, the
formant values were extracted and plotted for recordings made in supine and upright positions.
The vowel space for all male speakers, in supine position, is seen in Figure 7.1. For the /a/ vowel
category, the oral /a/ is much lower than any of the other /a/ vowels. Interestingly, the nasal, nasalized
and word-final nasal vowels pattern similarly, both in the F1 and F2 dimensions. The word-internal nasal
/ã/ shows slightly more variation in F2 range, though the majority of tokens fall within the same range as
that of the word-final /ã/ and the nasalized [ã]. For the vowel category /u/, the oral vowel has the lowest
F1 and F2 of all nasality conditions. Interestingly, the nasalized [ũ] shows a higher F1 than the phonemic
nasal vowels, which show F1 ranges similar to that of the oral /u/. The nasal /ũ/ and word-final nasal /ũ/
both show higher F2 ranges than the oral /u/, with nasalized [u ] showing a very wide range of F2 that
covers both those of the nasal and oral vowels. For /i/, there is little F1 difference between the four nasality
conditions. The nasalized and oral /i/ both show slightly higher F2 values than the nasal vowels. There is a
much wider range of F2 for the nasal vowels, especially for the word-internal nasal /̃ı/. While there is some
variation and slight differences in formant range due to physiological diversity, each speaker’s vowel space
follows this general pattern.
The vowel space for all female speakers, in supine position, is seen in Figure 7.2. For the /a/ vowel
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category, the oral /a/ is lower than any of the other /a/ vowels. The nasal, nasalized and word-final nasal
vowels pattern similarly, both in the F1 and F2 dimensions. For the vowel category /u/, the oral and
nasalized vowels pattern similarly on the F2 dimension. In regards to F1, the nasalized vowel shows a
slightly lower center of the ellipse compared to the oral vowel, though they largely overlap. The nasal vowels
are similar to the oral and nasalized vowels on F1, but are much higher in the F2 dimension. In fact, their
F2 values largely overlap those of the nasal /̃ı/. The oral and nasalized /i/ show a similar F1 pattern as
the nasal vowels, though their F2 values are slightly higher than that of the oral vowels, with the nasalized
vowel maintaining a higher F2 compared to the oral vowels.
The vowel space for all male speakers, in upright position, is seen in Figure 7.3. The vowel space shows
the same general pattern: oral /a/ has a much lower F1 than nasal, word-final nasal, and nasalized /a/,
all of which have similar ranges of F1 values. There is not a large difference in F2 for any of the nasality
conditions for /a/. For /u/, all vowels have a similar F1 range except for [ũ], which shows a slightly wider
range spanning into higher frequencies. There is also a wide range of F2, with largely overlapping values of
F2 for all nasality conditions (though the nasal and word-final nasal /ũ/ show a slightly higher F2 range).
For /i/ there is a similar F1 range for all nasality conditions, though the nasal and word-final nasal /̃ı/
vowels have lower F2 values. Once again, each speaker’s vowel spaces follow this general pattern.
It is important to note that the ranges for F1 and F2 (200− 800Hz, and 600− 2500Hz, respectively) are
similar in both supine and upright position. This indicates that the vowel space is preserved for the male
speakers in supine position, as reported in Vorperian et al. (2015). Further discussion of the effects of body
position on formant frequencies can be found in Section 7.3.2.
The vowel space for all female speakers, in upright position, is seen in Figure 7.4. The vowel space shows
a similar pattern to that of the supine position: oral /a/ has a much lower F1 than nasal, word-final nasal,
and nasalized /a/, all of which have similar ranges of F1 values. There is not a large difference in F2 for any
of the nasality conditions for /a/. For /u/, all vowels have a similar F1 range as in the supine position. The
nasal vowels show lower F2 values (median value is 1500Hz for the upright position, compared to 2000Hz
for the supine position.) For /i/ there is a slightly lower F1 range for all nasality conditions for the upright
condition compared to the supine condition. For F2, the nasal /̃ı/ vowel has a slightly lower range. Once
again, each speaker’s vowel spaces follow this general pattern.
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7.2 GAM
While vowel charts can be used to understand the general tendencies of vowel production, the use of time-
varying data is especially helpful in understanding the effects of nasality on speech production. This is
especially valuable in the case of comparing the nasalized vowels to both oral and phonemic nasal vowels—if
there is a difference in the timing and degree of nasal-oral coupling, a divergence in formant values between
oral and nasalized vowels is expected at a different time in the vowels’ relative durations, compared to any
divergence between oral and phonemic nasal vowels.
The first two formants were extracted from the acoustic recordings made in the sound-attenuating booth.
Twenty points were taken in time-normalized intervals from the vowel’s duration in Praat (Boersma and
Weenink, 2012) using FormantPro (Yi, 2013). Two generalized additive models (GAM) using the mgcv
package (Wood and Wood, 2017) in R (R Core Team, 2016) were fit to the formant data to determine the
effect of different conditions on formant values, as a function of time. The model includes vowel identity (/a,
i, u/) nasality condition (oral, nasalized, word-medial nasal, word-final nasal), speaker, gender, repetition
number, and proportion of vowel duration (range 0–1).
The F1 model output accounted for 59% of the deviance in the data, and the F2 model accounted for
53% of the deviance in the data. Vowel, nasality condition, speaker, gender, and time all had significant
effects on F1. Vowel, nasality condition, speaker, and time all had significant effects on F2, but sex did not.
Results of the GAMs are summarized in Table 7.1.
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F1 F2
(Intercept) 470.54 (3.14)∗∗∗ 1272.87 (4787.65)
Voweli −168.07 (0.58)∗∗∗ 799.83 (2.89)∗∗∗
Vowelu −158.39 (0.58)∗∗∗ −106.47 (2.89)∗∗∗
Nasalitynasal final 2.23 (0.67)∗∗∗ −68.81 (3.33)∗∗∗
Nasalitynasalized 24.75 (0.68)∗∗∗ −3.10 (3.35)
Nasalityoral 75.69 (0.67)∗∗∗ −36.98 (3.34)∗∗∗
PositionS −14.80 (0.48)∗∗∗ 55.26 (2.36)∗∗∗
EDF: s(NormTime) 2.31 (2.54)∗∗∗ 0.81 (0.84)∗
EDF: s(NormTime):Vowela 6.99 (7.99)∗∗∗ 0.74 (0.74)
EDF: s(NormTime):Voweli 1.14 (1.36)∗∗∗ 5.86 (6.95)∗∗∗
EDF: s(NormTime):Vowelu 1.15 (1.38)∗∗ 7.38 (8.22)∗∗∗
EDF: s(NormTime):Nasalitynasal 1.37 (1.62)∗∗∗ 3.37 (4.05)∗∗∗
EDF: s(NormTime):Nasalitynasal final 1.45 (1.74)∗∗∗ 4.93 (5.93)∗∗∗
EDF: s(NormTime):Nasalitynasalized 6.30 (7.42)∗∗∗ 6.61 (7.65)∗∗∗
EDF: s(NormTime):Nasalityoral 6.92 (7.94)∗∗∗ 5.74 (6.82)∗∗
EDF: s(Speaker) 5.13 (11.00)∗∗∗ 5.50 (12.00)∗∗∗
EDF: s(Speaker,NormTime) 81.67 (107.00)∗∗∗ 71.81 (11.00)
EDF: s(Sex) 0.12 (1.00)∗∗∗ 0.00 (2.00)
EDF: s(Sex,NormTime) 0.12 (17.00)∗∗∗ 0.00 (17.00)∗∗∗
AIC 1534634.75 1952498.53
BIC 1535834.52 1953679.40
Log Likelihood -767194.70 -976128.52
Deviance 968840711.47 23764408601.86
Deviance explained 0.59 0.53
Dispersion 7425.87 182144.27
R2 0.59 0.53
GCV score 7432.79 182311.44
Num. obs. 130590 130590
Num. smooth terms 12 12
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05





All male speakers, Supine Position



























































































































































































































































Figure 7.1: Vowel space for all male speakers, supine position. Blue ellipses indicate the vowel category
/a/, red ellipses indicate the vowel category /i/, and green ellipses indicate the vowel category /u/. <Vn>
indicates a word-medial nasal vowel, <Vm> indicates a word-final nasal vowel, <V∼> indicates a





All female speakers, Supine Position







































































































































































































Figure 7.2: Vowel space for all female speakers, supine position. Blue ellipses indicate the vowel category
/a/, red ellipses indicate the vowel category /i/, and green ellipses indicate the vowel category /u/. <Vn>
indicates a word-medial nasal vowel, <Vm> indicates a word-final nasal vowel, <V∼> indicates a





All male speakers, Upright Position






































































































































































































































































Figure 7.3: Vowel space for all male speakers, upright position. Blue ellipses indicate the vowel category
/a/, red ellipses indicate the vowel category /i/, and green ellipses indicate the vowel category /u/. <Vn>
indicates a word-medial nasal vowel, <Vm> indicates a word-final nasal vowel, <V∼> indicates a





All female speakers, Upright Position











































































































































































































Figure 7.4: Vowel space for all female speakers, upright position. Blue ellipses indicate the vowel category
/a/, red ellipses indicate the vowel category /i/, and green ellipses indicate the vowel category /u/. <Vn>
indicates a word-medial nasal vowel, <Vm> indicates a word-final nasal vowel, <V∼> indicates a
nasalized vowel, and <Vo> indicates an oral vowel.
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7.3 SSANOVA
To compare the formant trajectories, smoothing spline anova (ssanova) was used with the R package
gss (Gu, 2007). ssanova plots were made for formant values extracted from recordings made in both supine
and upright positions, to further investigate any potential effects of gravity. Data for the twelve speakers
was z-score normalized in order to compare trends within the dataset, as well as individual differences. Plots
of the ssanova fits for the formant trajectories were made using the ggplot package (Wickham, 2000) in R.
7.3.1 Supine Position
The results for F1 of /a/ for male speakers are seen in Figure 7.5. The results for F1 of /a/ for female
speakers are seen in Figure 7.6. Very predictable patterns are seen for /a/. F1 is much higher for the oral
/a/, which is in line with previous studies on BP vowels (Shosted, 2015). This pattern holds for all speakers.
This pattern holds with articulatory research showing nasal /ã/ as being produced with a raised tongue body
compared to oral /a/. Furthermore, this distinction is robust to the extent that it results in transcription
differences (/a/ versus /5̃/).
In comparing the nasal, word-final nasal, and nasalized /a/, the results show that nasal /ã/ generally is
produced with the lowest F1. The nasalized vowel’s F1 is between that of the oral and nasal vowels, though
it is closer to the nasal vowels’ ranges. Two speakers (BP05 and BP14) show an exception to this trend—for
BP05, nasal and word-final nasal /ã/ end with similar F1 values, though until 75% of the way through the
vowels’ durations, the nasal /ã/ has slightly higher F1 than the word-final nasal /ã/. For BP14, the F1 of
nasal /ã/ patterns similarly to that of the nasalized /a/, with the word-final nasal /ã/ having the lowest F1
values. For all other speakers, the nasalized /a/ and word-final nasal /ã/ vowels show similar F1 trends.
The results for F2 of /a/ are seen in Figures 7.7 (male speakers) and 7.8 (female speakers). As seen in
the vowel space plots, there are little to no differences between the four nasality conditions. For the male
speakers, slight differences are seen in the end of the vowels’ durations, with oral /a/ showing the lowest F2,
and the nasalized and word-final nasal vowels patterning together with a slightly higher F2 value. For the
female speakers, the first half of the relative vowel durations also shows similar F2 values, with the nasal
and nasalized vowels showing a slightly lower F2 value. There are many individual differences within F2
trajectories. Four speakers (BP02, BP05, BP07, and BP10) show large amounts of overlap in the formant
trajectories of most or all nasality conditions. BP02 shows overlap in all formant values except for the
word-internal nasal /ã/, which has a higher F2 value. BP04 shows the word-final nasal and nasalized vowels
having a higher F2 than the word-internal nasal and oral /a/ vowels, which have overlapping F2 trajectories
for the first half of their durations. BP05 shows complete overlap of F2 trajectory in the first 2/3 of the
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vowels’ durations, with a more predictable pattern occurring in the last 1/3 of the vowels’ duration—oral
/a/ has a relatively low F2, nasal and nasal-final /ã/ have the highest F2 values, and nasalized [ã] shows
an intermediate F2 trajectory. BP06 shows oral /a/ having a consistently low F2 throughout its duration,
with nasalized and word-final nasal /a/ having a higher F2. Word-medial nasal shows a consistently high
F2 throughout most of its duration, with its value falling slightly to be in the range of the word-final nasal
and nasalized vowels. BP14 shows the opposite pattern: oral /a/ shows a high F2 value, with nasalized [ã]
slightly lower. Nasal and word-final nasal /ã/ show overlapping values with the nasalized vowel, with their
values falling to show lower F2 values by the end of their relative durations. BP17 shows a lower F2 for
the oral vowel, with the nasalized vowel showing similar F2 to the nasal vowels. BP19 and BP21 show a
higher F2 for the oral vowels compared to the nasal vowels, with the nasalized vowel again patterning with
the nasal vowels. BP18 shows an intermediate position of F2 for the oral vowel, with the word-medial nasal
vowel displaying a lower F2. BP20 shows overlapping F2 for most of the vowels’ durations, for the oral and
nasal vowels.
In regards to /i/, the results show similar F1 trajectories for the first half of the vowels’ relative durations.
In the second half of the vowels’ durations, the nasal and word-final nasal vowels show slightly lower F1
values. By the end of the vowels’ durations, F1 of /i/ is slightly lower than that of nasalized [̃i]. Looking at
individual speakers, many participants show little or no difference in F1 trajectories. BP04 and BP05 show
no difference between the four conditions throughout the vowel’ durations; BP04 only shows slight difference
at the beginning and ends of normalized time. BP06 and BP14 show a similar pattern to the overall pattern,
with the oral and nasalized data showing a similar pattern of F1, which is higher than that of the nasal and
word-final nasal vowels. BP02 shows a lower F1 for the oral /i/ than for the other vowels, with F1 of the
nasalized [̃ı] patterning similarly to the word-final /̃ı/, and slightly higher than that of the word-medial /̃ı/.
BP07 and BP10 both show oral /i/ with an intermediate F1, between that of the nasal and word-final nasal
vowels. In the case of BP07, the nasalized [̃ı] has the lowest F1 trajectory for the majority of the duration;
for BP10, nasalized [̃ı] shows an overlapping trajectory to that of /i/. For the female speakers, BP17 and
BP21 show the oral vowel maintaining a higher F2 than the nasal vowels, with the nasalized vowel showing
a similar F1 pattern for at least half of its duration. For BP19, the oral, nasalized and word-medial nasal
maintain higher F1 compared to the word-final nasal vowel. For BP 18, the oral vowel maintains the lowest
F1 with the nasalized vowel’s F1 right above it. For BP20, the oral and nasalized vowels’ F1 are intermediate
to that of the two nasal vowels, with the word-medial nasal vowel displaying a higher F1.
In the case of F2 for the vowel category /i/, there is less variation between speakers than for F1. Generally,
the oral and nasalized /i/ and [̃ı] show higher F2 than the nasal and word-final nasal vowels. This pattern
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is followed for half of the speakers (BP02, BP06, BP07, BP14, BP17, BP21) very closely. For BP04, the
nasal and word-final nasal vowels sustain a higher F2 for the first half of their durations, and then fall to
be lower than that of the oral and nasalized vowels. For BP05, the oral, word-final nasal and word-internal
nasal vowels maintain a similar F2 trajectory for the majority of their durations, with the oral /i/ having
a lower F2 at the end of the vowel’s duration. Nasalized [̃ı] has a higher F2 than the other categories for
the middle 50% of duration. For BP10, the oral and nasalized vowels maintain a lower F2 than the nasal
and word-final nasal vowels for the first half of their relative durations, after which the F2 of the word-final
nasal vowel drops lower than the oral and nasalized vowels. In all speakers, the oral vowel and nasalized /i/
show overlapping trajectories, or the nasalized [̃ı] is slightly higher than that of the oral /i/. For BP18 and
BP19, the oral, nasalized and word-medial nasal vowels all maintain higher F2 compared to the word-final
nasal, with the nasalized vowel displaying higher F2 values than the oral vowel. For BP20, the oral and
word-medial nasal vowels maintain the highest F2, with the nasalized vowel displaying an F2 lower than
that of the oral/word-medial nasal vowels, but higher than that of the word-final nasal vowel. Results for
F2 of /i/ are found in Figures 7.11 and 7.12.
For /u/, the patterns for F1 change throughout the vowels’ relative durations (see Figures 7.13 and 7.14For
the male speakers, the oral and nasal vowels begin lower than the nasal and word-final nasal vowels, then
raise to be higher than those of the nasal and word-final nasal vowels. The data for BP04, BP06 and BP07
follow this pattern. The other speakers’ data shows deviations of this pattern: for BP02, the nasalized vowel
maintains a higher F1 throughout its duration, whereas the oral /u/ falls between the nasal and nasal-final
/u/ F1 trajectories. For BP05, the nasalized vowel follows the pattern described above, but the oral vowel’s
F1 trajectory never becomes higher than that of the nasal vowels—rather, the trajectory for oral /u/ F1
overlaps with those of the nasal and word-final nasal vowels. BP10 shows overlapping F1 for the oral, nasal-
ized, and word-final nasal vowels throughout their durations. BP14 shows overlapping F1 for all four nasality
conditions in the first half of the vowels’ durations, with the nasal and word-final nasal vowels showing lower
F1 in the second half of their relative durations. For the female speakers, the oral vowel begins higher than
the other nasality conditions, and then the nasalized vowel’s F1 raises to be higher than the nasal vowels.
Speakers BP19, BP20, and BP21 show this pattern. For speaker BP17, the oral, nasalized and word-medial
nasal vowels show overlapping F1 for most of their durations, with the word-final nasal showing a lower F1
throughout time. For speaker BP18, the oral and nasalized vowels show lower and overlapping F1, compared
to the nasal vowels.
Results for F2 of /u/ are found in Figures 7.15 and 7.16. For F2, the results are more consistent across
speakers. In general, the word-medial nasal and word-final nasal vowels show higher trajectories for F2 than
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F1 F2
/a/ /i/ /u/ /a/ /i/ /u/
BP02 nasal nasal nasal oral oral oral
BP04 nasal oral nasal nasal oral oral
BP05 nasal oral nasal oral nasal oral
BP06 nasal oral oral nasal oral oral
BP07 nasal oral nasal oral oral nasal
BP10 nasal oral oral oral oral oral
BP14 nasal oral oral nasal oral oral
BP17 nasal oral oral nasal oral oral
BP18 nasal oral oral nasal oral oral
BP19 nasal oral oral nasal oral oral
BP20 nasal oral oral nasal nasal nasal
BP21 nasal oral nasal nasal oral oral
Table 7.2: Results of formant analysis, for F1 and F2, for all speakers. Dark shading indicates a higher
formant value for the oral vowel compared to the nasal vowel, and light shading indicates a higher formant
value for the nasal vowel compared to the oral vowel. Text indicates the nasality condition that the
nasalized vowel is more similar to.
the oral and nasalized vowels, throughout the entirety of the vowels’ durations. This pattern is shown in the
data for BP02, BP04, BP05, BP10, BP17, BP18, and BP19. For BP06, the pattern also holds, though only
in the second half of the vowels’ durations, and the differences between the nasal/word-final nasal vowels
and the oral/nasalized vowels is much less robust than that for the aforementioned speakers. For BP07,
only the word-medial nasal vowel shows a higher F2 than the oral and nasalized vowels; the word-final nasal
vowel shows a similar trajectory to that of the oral and nasalized vowels. For BP14, only the word-final
nasal vowel shows a higher F2 than the oral and nasalized vowels; the word-medial nasal vowel shows a
similar trajectory to that of the oral and nasalized vowels. For BP20, the oral vowel shows a slightly higher
F2 compared to the other nasality conditions across time. For BP21, the oral vowel maintains the highest
F2 across time. Nasalized [ũ]’s F2 is slightly lower than that of the oral vowel, and the nasal vowels show
slightly lower F2, as well.





















































































Nasality nasal nasal_final nasalized oral
F1 of /a/ (Lying Down, Male Speakers)

































































Nasality nasal nasal_final nasalized oral
F1 of /a/ (Lying Down, Female Speakers)













































































Nasality nasal nasal_final nasalized oral
F2 of /a/ (Lying Down, Male Speakers)

































































Nasality nasal nasal_final nasalized oral
F2 of /a/ (Lying Down, Female Speakers)




















































































Nasality nasal nasal_final nasalized oral
F1 of /i/ (Lying Down, Male Speakers)





























































Nasality nasal nasal_final nasalized oral
F1 of /i/ (Lying Down, Female Speakers)
















































































Nasality nasal nasal_final nasalized oral
F2 of /i/ (Lying Down, Male Speakers)

























































Nasality nasal nasal_final nasalized oral
F2 of /i/ (Lying Down, Female Speakers)

















































































Nasality nasal nasal_final nasalized oral
F1 of /u/ (Lying Down, Male Speakers)




























































Nasality nasal nasal_final nasalized oral
F1 of /u/ (Lying Down, Female Speakers)












































































Nasality nasal nasal_final nasalized oral
F2 of /u/ (Lying Down, Male Speakers)

























































Nasality nasal nasal_final nasalized oral
F2 of /u/ (Lying Down, Female Speakers)





















































































F1 and F2 of /a/ by Position, male speakers
Figure 7.17: Time-normalized F1 and F2 contours for supine (L) and upright (S) positions for the vowel
/a/, for all male speakers.
7.3.2 Position Comparison
In order to determine any potential effects of gravity on the production of these vowels, a comparison of
the F1 and F2 values for the oral vowels was made for /a/, /i/, and /u/. Data is the same as collected in
Section 7.3. Results show small and largely insignificant differences (determined via overlapping confidence
intervals) between supine and upright position. For /a/, F1 overlaps for the two conditions for five of seven
male speakers, and three of five female speakers. For the remaining speakers, the supine condition shows a
slightly higher F1 across time, though this difference is quite small (maximum 50 Hz). For F2, there is more
individual variation. For one male speaker, there is no difference. For three of seven male speakers, the
supine position shows a slightly higher F2 value, and for the remaining three speakers, the upright position
is slightly higher. Once again, these differences are small, between 0 and 50 Hz. For two of five female
speakers, the supine position shows a slightly higher F2 value, and for the remaining three speakers, the
upright position is slightly higher. Results are shown in Figures 7.17 and 7.18.



































































F1 and F2 of /a/ by Position, female speakers
Figure 7.18: Time-normalized F1 and F2 contours for supine (L) and upright (S) positions for the vowel
/a/, for all female speakers.
For the remaining speakers, the supine condition shows a slightly higher F1 across time. For F2, there are
no significant differences between the upright and supine positions for three male speakers and one female
speaker. For the male speakers, two speakers show a higher F2 for the supine position, while two speakers
show a higher F2 for the upright position. For the four female speakers that show significant F2 differences,
all of them show the upright position displaying a higher F2. The difference is higher in magnitude than that
for /a/, with differences of up to 500 Hz, in the case of BP21. Results are shown in Figures 7.19 and 7.20.
For /u/, all male speakers show overlapping F1 values for supine and upright positions. Three of five
female speakers show overlapping F1, as well. The remaining two speakers show a higher F1 value for the
upright position. For F2, three male and two female speakers show overlapping F2 values. Three male
speakers show a higher F2 for the supine position compared to the upright position, and two male speakers
show a higher F2 for the upright position. One female speaker shows a higher F2 for the supine position
compared to the upright position, and two female speakers show a higher F2 for the upright position. Results























































































F1 and F2 of /i/ by Position, male speakers
Figure 7.19: Time-normalized F1 and F2 contours for supine (L) and upright (S) positions for the vowel
/i/, for all male speakers.
A summary of the position comparison is found in Table 7.3. In general, differences between positions
are largely not significant. There is no systematicity to the significant results; rather, they are largely on a
by-speaker basis. Those results that are significant are mostly of a smaller magnitude of difference than the
































































F1 and F2 of /i/ by Position, female speakers
Figure 7.20: Time-normalized F1 and F2 contours for supine (L) and upright (S) positions for the vowel
/i/, for all female speakers.
F1 F2
/a/ /i/ /u/ /a/ /i/ /u/
BP02 n.d. n.d. n.d. n.d. supine n.d.
BP04 n.d. n.d. n.d. supine n.d. supine
BP05 supine n.d. n.d. supine upright n.d.
BP06 n.d. n.d. n.d. supine upright supine
BP07 n.d. supine n.d. upright n.d. upright
BP10 n.d. supine n.d. upright supine supine
BP14 supine n.d. n.d. upright n.d. upright
BP17 n.d. supine n.d. supine upright n.d.
BP18 n.d. n.d. n.d. upright n.d. supine
BP19 supine supine supine supine upright n.d.
BP20 n.d. n.d. n.d. upright upright upright
BP21 supine supine supine upright upright upright
Table 7.3: Results for comparison of positional effects (supine versus upright) for oral vowels, by speaker.




















































































F1 and F2 of /u/ by Position, male speakers
Figure 7.21: Time-normalized F1 and F2 contours for supine (L) and upright (S) positions for the vowel





































































F1 and F2 of /u/ by Position, female speakers
Figure 7.22: Time-normalized F1 and F2 contours for supine (L) and upright (S) positions for the vowel
/u/, for all female speakers.
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7.4 Denoising Comparison
The acoustic recordings made in a sound-attenuating booth provide rich information regarding the acoustic
correlates of nasalization. However, the use of the recordings made in the MR scanner allow a direct compar-
ison between the articulatory configuration and their associated acoustic output. Therefore, the acoustics
recorded in the MR scanner were denoised in MATLAB (Inc., 2012) using two published methodologies: 1)
the use of correlation subtraction and spectral noise gating (henceforth CS/SNG) (Inouye et al., 2014), and
2) dictionary learning and wavelet packet analysis (DL/WP) (Vaz et al., 2013). Using the same segmentation
used in Chapter 5, ten values of the first two formants were extracted from the acoustic signal at equidistant
intervals using a script in Praat (Boersma and Weenink, 2012). GAMs were fit to F1 and F2 data, with
vowel, nasality condition, sex, speaker, time, and denoising type (DP/WP, CS/SNG, and clean audio) as
factors. Comparisons were made using ssanova for male and female speakers, by vowel.
Results for the GAMs are found in Table 7.4. Nasality, vowel, and denoising type are all significant
indicators of differences in F1. Normalized time and sex are not significant indicators, though speaker is.
For F2, nasality, vowel, and denoising type are all significant factors in the model. Sex and speaker also are
significant factors in F2 differences.
For the male speakers, F1 of /a/ is much higher for the oral vowel than the other vowels, which is seen
in both the CS/SNG and DL/WP methods. In addition, the relationship between the nasal and nasalized
vowels is largely maintained—nasalized vowels show a much lower F1 than the oral vowel, but higher than
the nasal vowels. This pattern is seen in both the CS/SNG and DL/WP methods. For F2, the DL/WP
method maintains the pattern of the oral vowel maintaining the lowest F2 across time, and the nasal vowels
maintaining the higher F2 values. The nasalized vowel shows an overlapping values with the word-final nasal,
whereas in the clean acoustics, it shows a similar but not overlapping values. For the CS/SNG method,
the pattern is reversed—the nasal vowels show lower F2, whereas the nasalized and oral vowels show the
highest F2 values, with the nasalized vowel showing a higher F2. Results for the male speakers are found in
Figure 7.23. For the female speakers, the pattern for clean F1 is the same as for the male speakers, and is
shown in the results for the DL/WP method. For the CS/SNG method, the nasalized vowel show a slightly
lower F1, similar to that of the nasal vowels. For F2, both the CS/SNG and DL/WP method show the
word-final vowel with the highest F2 and the word-medial nasal showing the lowest F2, which is consistent
with the clean acoustic data. Both also show the nasalized and oral vowel with intermediate F2, which is
consistent with the clean F2 data. Results for the female speakers can be found in Figure 7.24.
For /i/ for the male speakers, the CS/SNG method shows considerably noise in the data. Both the
DL/WP and CS/SNG methods show the oral vowel having the lowest F1, with the nasalized vowel showing
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F1 F2
(Intercept) 483.93 (20.33)∗∗∗ 1282.57 (198.15)∗∗∗
Voweli −147.05 (1.14)∗∗∗ 688.05 (2.26)∗∗∗
Vowelu −126.65 (1.15)∗∗∗ −22.79 (2.26)∗∗∗
Nasalitynasal final 12.88 (1.32)∗∗∗ 6.27 (2.60)∗
Nasalitynasalized 4.29 (1.33)∗∗ −40.69 (2.62)∗∗∗
Nasalityoral 24.96 (1.32)∗∗∗ −41.44 (2.61)∗∗∗
TypeCS/SNG 75.26 (1.15)∗∗∗ −41.95 (2.27)∗∗∗
TypeDL/WP 138.75 (1.15)∗∗∗ 149.41 (2.27)∗∗∗
EDF: s(NormTime) 1.78 (1.90) 2.56 (2.88)∗∗∗
EDF: s(NormTime):Vowela 5.63 (6.80)∗∗∗ 0.95 (1.00)∗∗
EDF: s(NormTime):Voweli 3.08 (3.86)∗∗∗ 6.60 (7.63)∗∗∗
EDF: s(NormTime):Vowelu 0.74 (0.74) 6.39 (7.45)∗∗∗
EDF: s(NormTime):Nasalitynasal 0.79 (0.79) 2.72 (3.37)∗∗∗
EDF: s(NormTime):Nasalitynasal final 3.17 (3.98)∗∗∗ 2.45 (3.03)
EDF: s(NormTime):Nasalitynasalized 0.79 (0.79)∗∗ 1.67 (1.99)
EDF: s(NormTime):Nasalityoral 3.68 (4.60)∗∗∗ 5.44 (6.58)∗∗
EDF: s(Speaker) 10.55 (12.00)∗∗∗ 5.41 (12.00)∗∗∗
EDF: s(Speaker,NormTime) 61.15 (116.00)∗∗ 72.55 (116.00)∗∗∗
EDF: s(Sex) 0.00 (1.00) 0.50 (1.00)∗
EDF: s(Sex,NormTime) 10.62 (17.00)∗∗∗ 3.36 (17.00)
AIC 2446511.88 2693813.18
BIC 2447634.13 2695022.61
Log Likelihood -1223144.96 -1346786.99
Deviance 7253815244.74 28194088536.30
Deviance explained 0.23 0.47
Dispersion 39847.36 154885.85
R2 0.23 0.47
GCV score 39871.44 154986.76
Num. obs. 182150 182150
Num. smooth terms 12 12
∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05
Table 7.4: Results of the GAMs for F1 and F2 data, for the clean. DL/WP, and CS/SNG data.
271
a slightly higher F1, and the nasal vowels showing the highest F1 values. While this is not the patten seen
in the clean acoustic data, there is a great deal of individual variation in the F1 data. For F2, both the
DL/WP and CS/SNG methods show the oral vowel displaying the lowest F2 values For the DL/WP method,
the nasalized vowel’s F2 is intermediate to that of the oral and nasal vowels. For the CS/SNG method, the
nasalized vowel is similar to the nasal vowels. This is again the opposite pattern as the clean acoustics, which
show the nasal vowels displaying the lower F2 values compared to the oral and nasalized vowel. Results
for the male speakers are found in Figure 7.25. For the female speakers, the CS/SNG method shows all
nasality conditions with overlapping F1. The DL/WP method shows the oral and nasalized vowels having
overlapping F1, and having and F1 lower than that of the word-final nasal vowels, as in the clean acoustics.
For F2, the oral vowel is shown to have the highest F2 for the DL/WP method, which is similar to the clean
acoustics. However, in the clean acoustics, the oral and nasalized vowels show similar F2 whereas for the
DL/WP method, the nasalized vowel’s F2 is lower than that of the nasal vowels. For the CS/SNG method,
the nasalized vowel shows the lowest F2, whereas the oral vowel’s F2 is similar to that of the nasal vowels.
Results for the female speakers are found in Figure 7.26.
For the male speakers, the DL/WP and CS/SNG methods both show the oral vowel displaying the lowest
F1 value for /u/, which is similar to the pattern in the clean acoustics. For the DL/WP method, the nasalized
vowel displays an intermediate F1 compared to the nasal and oral vowels. For the CS/SNG method, the
nasalized vowel patterns with the nasal vowels. In this case, the DL/WP method is closer to the results
of the clean acoustics. For F2, the DL/WP method mirrors the results of the clean acoustics closely—the
nasal vowels show a considerably higher F2 than the oral and nasal vowels, which show similar F2 values.
For the CS/SNG method, the oral vowel does show a similar pattern to the clean data, but the nasalized
vowel overlaps with the nasal vowels. Results for the male speakers for /u/ are found in Figure 7.27. For the
female speakers, the CS/SNG method shows considerable noise, and shows the oral vowel having a similar
F1 to the word-final nasal vowel, and the nasalized vowel having a similar F1 to the word-medial nasal vowel.
However, the DL/WP method shows a more similar pattern to the clean acoustics—the nasalized vowel’s
F1 is similar to that of the nasal vowels, but the oral vowel’s F1 is lower than that of the other vowels. For
F2, the DL/WP method’s results mirror those of the clean acoustics—the nasalized vowel shows the lowest
F2, with the oral vowel’s F2 being slightly higher. The nasal vowels show the highest F2. For the CS/SNG
method the opposite pattern occurs—the oral vowel shows the highest F2, and the nasalized vowel is similar
to that of the nasal vowels. Results for the female speakers are found in Figure 7.28.
Results for individual speakers by vowel are found in Appendix 9. Results largely mirror those described
above—the two methods are considerably effective at making distinctions between nasality conditions for
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F1, with the DL/WP method showing a slightly better result for F1 compared to the CS/SNG method. The
two methods are not as effective at making distinctions on the F2 dimension between nasality conditions that

























































































F2 of /a/, CS/SNG
Nasality nasal nasal_final nasalized oral
F1 and F2 of /a/ (Male Speakers)
Figure 7.23: Time-normalized F1 and F2 contours for the clean audio, DL/WP denoising method, and






















































































F2 of /a/, CS/SNG
Nasality nasal nasal_final nasalized oral
F1 and F2 of /a/ (Female Speakers)
Figure 7.24: Time-normalized F1 and F2 contours for the clean audio, DL/WP denoising method, and























































































F2 of /a/, CS/SNG
Nasality nasal nasal_final nasalized oral
F1 and F2 of /i/ (Male Speakers)
Figure 7.25: Time-normalized F1 and F2 contours for the clean audio, DL/WP denoising method, and




















































































F2 of /i/, CS/SNG
Nasality nasal nasal_final nasalized oral
F1 and F2 of /i/ (Female Speakers)
Figure 7.26: Time-normalized F1 and F2 contours for the clean audio, DL/WP denoising method, and






















































































F2 of /a/, CS/SNG
Nasality nasal nasal_final nasalized oral
F1 and F2 of /u/ (Male Speakers)
Figure 7.27: Time-normalized F1 and F2 contours for the clean audio, DL/WP denoising method, and











































F1 of /u/, CS/SNG
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F2 of /u/, CS/SNG
Nasality nasal nasal_final nasalized oral
F1 and F2 of /u/ (Female Speakers)
Figure 7.28: Time-normalized F1 and F2 contours for the clean audio, DL/WP denoising method, and




8.1 Summary of Results
A summary of results, by speaker, can be found in Table 8.1. Recall that due to experimental procedure
issues and timing constraints, the following data was not available for analysis: midsagittal data for BP07,
acoustic data for BP09, and the hypopharyngeal slice in the multislice data for BP14.
8.2 The Phonological Status of Nasal Vowels
The results of the midsagittal analysis show that the tongue blade and hyperpharyngeal region account for
the majority of the variance in the data. For eleven of twelve speakers, the hyperpharyngeal region was
correlated with PC1, and for all speakers, the tongue blade was correlated with PC1. This is initial evidence
that distinctions in the production of oral, nasal, and nasalized vowels is not merely due to oral/nasal
coupling. If it were, the dorsal region would be the most important vocal tract region in explaining the
variance between vowels and nasality conditions. In fact, the dorsal region is the articulatory interpretation
of PC2 for eight of twelve speakers, for PC3 for three speakers, and is not a significant articulator (i.e, an
interpretation of PC1–3) for one speaker. Other articulators that are associated with PC2 and PC3 include
the tongue tip region, the labial region, and the hypopharyngeal region, though their associations are not as
wide-spread as those for the hyperpharyngeal and tongue blade regions—seven speakers show importance of
tongue tip, nine for the hypopharyngeal region, and four for the labial region.
The most conclusive result of this study is the oropharyngeal distinction between the oral/nasal vowel
pair /a∼ã/. With regards to the midsagittal data, the tongue blade position and hyperpharyngeal aperture
show robust differences between oral and nasal vowel congeners. The nasal vowels display a much higher
tongue blade position, compared to the oral vowel. The nasal vowels also show a wider hyperpharyngeal
region, compared to the oral vowels, for a majority of speakers. In regards to the multislice data, results
largely mirror those of the midsagittal data. The hyperpharyngeal and hypopharyngeal regions both show
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Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade nasal oral oral
AV PC1—hyperpharynx nasal nasal nasal
AV PC2—hypopharynx nasal oral oral
AV PC2—lips nasal oral oral
AV PC3—velum nasal nasal nasal
Tongue Height nasal oral oral
Multislice ROI—Coronal nasal nasal oral
ROI—Hyperpharyngeal nasal oral oral
ROI—Hypopharyngeal nasal oral nasal
ROI—Tongue Dorsum nasal nasal oral
ROI—VP nasal nasal nasal
Acoustics F1 nasal nasal nasal
F2 oral oral oral
(a) Summary of the results for BP02.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—hyperpharynx oral oral oral
AV PC2—hypopharynx oral oral oral
AV PC2—tongue tip oral nasal nasal
AV PC3—tongue dorsum nasal oral nasal
Tongue Height nasal nasal nasal
Multislice ROI—Coronal oral nasal oral
ROI—Hyperpharyngeal oral oral oral
ROI—Hypopharyngeal nasal nasal nasal
ROI—Tongue Dorsum nasal oral nasal
ROI—VP oral nasal nasal
Acoustics F1 nasal oral nasal
F2 nasal oral oral
(b) Summary of the results for BP04.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—hyperpharynx nasal nasal nasal
AV PC1—tongue blade oral nasal nasal
AV PC2—hypopharynx nasal oral nasal
AV PC2—tongue dorsum nasal nasal nasal
AV PC3—glottis oral oral nasal
AV PC3—lips and tongue tip oral nasal nasal
Tongue Height oral nasal nasal
Multislice ROI—Coronal oral oral nasal
ROI—Hyperpharyngeal nasal nasal oral
ROI—Hypopharyngeal nasal nasal nasal
ROI—Tongue Dorsum nasal oral oral
ROI—VP nasal oral nasal
Acoustics F1 nasal oral nasal
F2 oral nasal oral
(c) Summary of the results for BP05.
Table 8.1: Summary of the results by speaker. Dark shading indicates a higher value of the acoustic or
articulatory measure for the nasal vowel compared to the oral vowel, and light shading indicates a higher
value of the acoustic or articulatory measure for the oral vowel compared to the nasal vowel. Text indicates
the nasality condition that the nasalized vowel is more similar to.
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Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade nasal oral nasal
AV PC1—hyperpharynx oral nasal nasal
AV PC2—hypopharynx nasal nasal oral
AV PC2—tongue tip nasal nasal oral
AV PC3—tongue dorsum nasal oral nasal
Tongue Height nasal oral nasal
Multislice ROI—Coronal oral oral oral
ROI—Hyperpharyngeal nasal oral nasal
ROI—Hypopharyngeal oral oral nasal
ROI—Tongue Dorsum oral oral oral
ROI—VP nasal nasal nasal
Acoustics F1 nasal oral oral
F2 nasal oral oral
(d) Summary of the results for BP06.
Data Type Measure /a/ /i/ /u/
Multislice ROI—Coronal nasal nasal oral
ROI—Hyperpharyngeal oral oral nasal
ROI—Hypopharyngeal nasal oral nasal
ROI—Tongue Dorsum nasal nasal oral
ROI—VP oral nasal nasal
Acoustics F1 nasal oral nasal
F2 oral oral nasal
(e) Summary of the results for BP07.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade oral nasal nasal
AV PC1—tongue tip nasal oral nasal
AV PC1—hyperpharynx nasal nasal nasal
AV PC2—tongue dorsum nasal nasal nasal
AV PC3—hypopharynx nasal nasal nasal
Tongue Height oral nasal nasal
Multislice ROI—Coronal nasal nasal nasal
ROI—Hyperpharyngeal nasal nasal nasal
ROI—Hypopharyngeal oral nasal nasal
ROI—Tongue Dorsum oral nasal nasal
ROI—VP oral oral nasal
(f) Summary of the results for BP09.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade nasal oral nasal
AV PC1—hyperpharynx nasal nasal nasal
AV PC2—tongue dorsum nasal nasal nasal
AV PC3—lips nasal nasal nasal
Tongue Height nasal oral nasal
Multislice ROI—Coronal oral oral nasal
ROI—Hyperpharyngeal oral oral oral
ROI—Hypopharyngeal oral nasal nasal
ROI—Tongue Dorsum nasal nasal nasal
ROI—VP nasal oral oral
Acoustics F1 nasal oral oral
F2 oral oral oral
(g) Summary of the results for BP10.
Table 8.1 (cont.)
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Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade nasal oral nasal
AV PC1—hyperpharynx nasal nasal oral
AV PC2—tongue dorsum nasal nasal nasal
AV PC2—hypopharynx nasal oral nasal
AV PC3—tongue tip nasal oral nasal
Tongue Height nasal oral nasal
Multislice ROI—Coronal nasal oral oral
ROI—Hyperpharyngeal nasal nasal oral
ROI—Tongue Dorsum oral oral oral
ROI—VP oral oral oral
Acoustics F1 nasal oral oral
F2 nasal oral oral
(h) Summary of the results for BP14.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade oral oral nasal
AV PC1—hyperpharynx nasal oral nasal
AV PC2—tongue dorsum nasal nasal nasal
AV PC3—hypopharynx nasal oral oral
Tongue Height oral oral nasal
Multislice ROI—Coronal oral nasal oral
ROI—Hyperpharyngeal nasal nasal oral
ROI—Hypopharyngeal nasal oral nasal
ROI—Tongue Dorsum oral nasal oral
ROI—VP nasal nasal nasal
Acoustics F1 nasal oral oral
F2 nasal oral oral
(i) Summary of the results for BP17.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade nasal oral nasal
AV PC1—hyperpharynx oral nasal oral
AV PC2—tongue dorsum nasal nasal nasal
AV PC2—tongue tip oral nasal nasal
AV PC3—hypopharynx nasal oral oral
Tongue Height nasal oral nasal
Multislice ROI—Coronal nasal oral oral
ROI—Hyperpharyngeal nasal nasal oral
ROI—Hypopharyngeal nasal oral nasal
ROI—Tongue Dorsum nasal nasal nasal
ROI—VP nasal oral oral
Acoustics F1 nasal oral oral
F2 nasal oral oral
(j) Summary of the results for BP18.
Table 8.1 (cont.)
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Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade nasal oral oral
AV PC1—hyperpharynx oral nasal nasal
AV PC2—mediopharynx oral nasal nasal
AV PC2—tongue tip nasal oral nasal
AV PC3—hypopharynx nasal nasal nasal
Tongue Height nasal oral oral
Multislice ROI—Coronal nasal oral oral
ROI—Hyperpharyngeal nasal nasal nasal
ROI—Hypopharyngeal nasal oral nasal
ROI—Tongue Dorsum nasal nasal nasal
ROI—VP nasal nasal nasal
Acoustics F1 nasal oral oral
F2 nasal oral oral
(k) Summary of the results for BP19.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade oral oral nasal
AV PC2—hyperpharynx nasal nasal nasal
AV PC2—tongue dorsum nasal oral nasal
AV PC3—tongue dorsum nasal nasal nasal
Tongue Height oral oral nasal
Multislice ROI—Coronal nasal oral oral
ROI—Hyperpharyngeal nasal oral oral
ROI—Hypopharyngeal oral oral oral
ROI—Tongue Dorsum nasal nasal oral
ROI—VP nasal nasal nasal
Acoustics F1 nasal oral oral
F2 nasal nasal nasal
(l) Summary of the results for BP20.
Data Type Measure /a/ /i/ /u/
Midsagittal AV PC1—tongue blade oral oral nasal
AV PC1—hyperpharynx nasal nasal nasal
AV PC2—tongue dorsum nasal nasal nasal
AV PC2—tongue tip nasal oral nasal
AV PC3—mediopharynx oral nasal oral
Tongue Height nasal oral nasal
Multislice ROI—Coronal oral nasal oral
ROI—Hyperpharyngeal nasal nasal oral
ROI—Hypopharyngeal nasal oral oral
ROI—Tongue Dorsum nasal nasal nasal
ROI—VP oral oral nasal
Acoustics F1 nasal oral nasal
F2 nasal oral oral
(m) Summary of the results for BP21.
Table 8.1 (cont.)
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wider apertures for the nasal vowels, compared to their oral counterparts. The coronal slice shows a wider
opening for the oral vowel compared to the nasal vowel for nine of thirteen speakers, and the tongue dorsum
region is wider for the oral vowel for eleven of thirteen speakers. These are both indicative of a more
open vocal tract for the oral vowel compared to its nasal congeners. This confirms descriptions of this
vowel, frequently transcribed as /5̃/ (Barbosa and Albano, 2004; Shosted, 2015), but makes it clear that the
distinction is primarily a matter of oropharyngeal articulation rather than velar lowering. In regards to the
velopharyngeal opening ROI in the oblique slice, the data unsurprisingly show that the nasal vowel has a
wider velopharyngeal opening compared to the oral vowel.
The acoustic data mirrors the articulatory results quite closely, especially for F1. All speakers produce
oral /a/ with a much higher F1, compared to its nasal counterparts. F1 of /ã/ is expected to be lower than
that of /a/, also due to nasal coupling. Expansion in the hyperpharynx and higher tongue blade position
both lower F1. As tongue blade position is much higher, and there is increased pharyngeal opening for the
nasal /ã/, this is strong evidence regarding the oropharyngeal articulatory differences having an effect on
the acoustic output of these vowel pairs. Results regarding the tongue tip and dorsum from the multislice
data also indicate an overall lower tongue position for the oral vowel, which results in a higher F1.
Seven of twelve speakers produce the nasal vowel with a lower F2 compared to the oral vowel. This can
be explained through velar lowering, creating a more constricted dorsal region. In addition, the expansion
of the hypopharynx for the nasal vowel has the effect of F2 lowering. Increased constriction in the labial
region (arguably due to overall jaw raising) for the nasal vowels lowers F2 as well.
The large magnitude of difference between the oral and nasal vowels is potentially due to the nature of
the vowel system of BP—/ã/ is the only central nasal vowel, which allows for more variability in the height
dimension. A historical account may also have some explanatory value. The structural influence of Tupi–
Guarani languages on modern BP is controversial and complex (Rodrigues, 2014). Tupinambá, or Old Tupi,
is a Tuṕı–Guarani language that was spoken in South America in the 16th through 18th centuries (Alves,
2006). When the first group of settlers came to South America from Brazil in the 1530s, they learned to
speak Tupinambá, and Jesuit missionaries encouraged native speakers to continue to speak the language.
This led to widespread contact between Portuguese and Tupinambá (Lockhart and Schwartz, 1983), and
many settlers spoke the mixed Tupi/Portuguese language, the Ĺıngua Geral of São Paulo. In the mid-18th
century, increased numbers of immigrants came to Brazil from Portugal, and the Prime Minister of Brazil
expelled the Jesuits from Brazil in 1759 (Lockhart and Schwartz, 1983). These two events led to the increased
use of Portuguese in Brazil, and limited contact with indigenous languages.
Tupinambá had a vowel inventory consisting of six phonemic oral/nasal vowel congeners—the five that are
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seen in modern BP, as well as a high central vowel pair /1∼ı̃/. This vowel pair is is preserved orthographically
as <y>, though it is pronounced in modern borrowings in BP as a high front vowel /i∼ı̃/. For example, the
name of the town Acajutiba in the state of Bahia comes from the Tupinambá morphemes akaju and tyba,
together meaning a group of cashew trees (Navarro, 2007). The presence of this vowel for those who spoke
the Ĺıngua Geral of São Paulo may have exerted some influence on the height of the only central nasal vowel
in Portuguese.
Results for the high vowel pairs are less consistent and are smaller in magnitude of difference, compared
the low vowel. In regards to /i/, two patterns emerged. The first pattern is one of centralization of the
nasal vowel in the vowel space. For the midsagittal data, the nasal vowels display a higher tongue blade AV
for eight speakers, indicating a lower tongue blade position. Multislice data shows five speakers producing
the oral vowel with a wider pharyngeal opening compared to the nasal vowels. Coronal and tongue dorsum
data is also split—seven speakers show the nasal vowel being produced with a wider tongue tip and dorsum
compared to the oral vowel, indicating a lower tongue position for the nasal vowels. The second pattern
indicates an overall lowering of the oral tract volume, though it is seen in a minority of speakers. Four
speakers display a higher AV for the oral vowels, indicating a lower tongue position for the oral vowel
compared to its nasal counterpart. The multislice data shows seven speakers producing the oral vowel with
a wider pharyngeal opening compared to the nasal vowels, and five speakers produce the oral vowel with a
wider tongue tip and dorsum compared to the nasal vowel.
Acoustic results also show two patterns emerging. For seven speakers, F1 of /i/ is higher for the nasal
vowel compared to its oral counterpart, which is the expected acoustic result of oral/nasal tract coupling.
This is mirrored in the articulatory results—these speakers tend to show comparatively wider tongue blade
apertures and more constricted pharyngeal regions for the nasal vowels. Five of the the speakers produce a
higher F1 for the oral vowel compared to the nasal vowel. The articulatory results for these speakers fall into
the second pattern—lower AV values, interpreted as tongue blade raising, is seen for four of the speakers
in the midsagittal data (BP06, BP14, BP17, BP21). The results in the coronal and oblique slice also show
tongue tip and dorsum raising for the oral vowel for five speakers, which is indicative of this second pattern,
as well. For F2, eight of twelve speakers produce the oral vowel with a higher F2 compared to its nasal
counterpart. This is due to velar lowering, creating a constriction at the site of oral/nasal coupling. This can
also be explained by slight tongue backing, which occurs for half of the speakers, as seen in the midsagittal
tongue shape analysis.
In regards to the vowel category /u/, the nasal vowels show a higher tongue blade AV contour than the
oral vowel, indicating a lower tongue blade position, for nine of the eleven speakers for whom tongue blade
286
was an important articulator. For the hyperpharyngeal region, the oral vowel displays a higher AV contour
compared to the nasal vowels for ten speakers. These results are mirrored in the multislice data. The oral
vowel maintains a wider pharyngeal opening, a narrower tongue dorsum and narrower tongue tip for ten
speakers. This indicates an overall tongue lowering effect for the nasal vowel for the majority of the speakers.
Speaker BP05 shows a higher tongue blade AV and wider OP for the hypopharyngeal region for the oral
vowel compared to the nasal vowel. Speaker BP09 shows a higher tongue blade and a wider hyperpharynx
for the nasal vowel for the midsagittal data, and a more closed tongue tip and hyperpharyngeal region for
the nasal vowel in the multislice data. Unfortunately, it is not possible to make a conclusion regarding the
acoustic effects of these differences for this speaker.
For F1, the majority of speakers (seven of twelve) produce the nasal vowel /ũ/ with a higher F1 compared
to the oral vowel. This is an expected finding, as the acoustic effects of nasalization are expected to raise
F1 of /ũ/ in comparison with its oral counterpart. Furthermore, F1 is raised with tongue blade lowering
and pharyngeal constriction, both of which are associated with the production of /ũ/ in comparison with
/u/. Speaker BP05 produces the nasal vowel with a higher F1 compared to the oral vowel. This suggests
that although BP05’s articulatory results do not follow the pattern of other speakers, they are not robust
enough to reverse the acoustic effects of nasalization. Ten of twelve speakers produce /ũ/ with a higher
F2 compared to its oral counterpart. This is largely mirrored in the articulation data—the tongue dorsum
region is expanded for the majority of speakers, which has the expected result of F2 raising. In addition,
further investigation of the tongue height data shows a more fronted tongue position for the nasal vowels
compared to their oral counterparts, which has the effect of F2 raising.
This study provides further evidence regarding the importance of lingual and pharyngeal variation in the
articulation of oral and nasal vowels. Based on the PCA analysis conducted on the midsagittal data, the
region of the vocal tract corresponding to the tongue dorsum and velopharyngeal opening, where nasal cou-
pling occurs, showed relatively lower importance compared to the tongue blade and hyperpharyngeal regions.
The lower amount of variability in the dorsal region compared to the tongue blade and hyperpharyngeal
regions suggests that speakers maximally use the muscular flexibility of their tongues to their advantage
in the production of nasal vowels. This logic can be extended to other complex sounds, i.e., those that
are produced with multiple articulations, either obligatorily (e.g., in the case of coarticulation/secondary
articulations), or optionally (e.g., in the case of enhancement/attenuation strategies). This finding is similar
to analyses of French, which likewise demonstrate articulatory distinctions in the oral cavity and pharynx
between oral/nasal vowel congeners (Carignan, 2013, 2014).
The results presented here are similar to previous studies of BP nasal/oral vowel congeners. Shosted (2015)
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observed lingual raising for the nasal vowels /̃ı ũ ã/ in comparison with their oral congeners. da Matta Machado
(1993) found a relative reduction in oral cavity volume for nasal vowels. In this study labial, lingual and
pharyngeal distinctions are demonstrated to distinguish oral and nasal vowels. These distinctions are largely
mirrored in the acoustic output of the vowels. F1 modulation is seen, presumably due to oral/nasal vowel
coupling, but can also be attributed to oropharyngeal distinctions including pharyngeal constriction and rel-
ative openness of the oral cavity. Furthermore, these oropharyngeal distinctions are seen across the duration
of the vowels, rather than just at their start- and end-points. Thus, I argue that this difference in the pho-
netic surface form mirrors the phonological distinction between the underlying phonemes for these oral/nasal
vowel pairs, and that the nasal vowels analyzed in this study are underlyingly /Ṽ/ in nature (Sampson, 1999),
rather than /VN/ (Desmeules-Trudel, 2015; Paradis and Prunet, 2000).
As mentioned previously, the results for the high vowels are overall not as profound as those for the low
vowels. Differences in the acoustics of F1 for high vowels are as little as 50 Hz for the high vowels, whereas
there is a difference of up to 200 Hz between low oral and nasal vowel congeners. Articulatory data shows
large differences between the low oral and nasal vowel pair, particularly in the PCA-based analysis of the
midsagittal images, whereas the differences are relatively small for the high vowels. Many speakers display a
30% difference in tongue blade AV result for /a/, whereas only a 10–15% difference is seen for /i/ and /u/.
This indicates that the difference between oral and nasal /a/ are more robust than those for the oral/nasal
high vowel pairs.
There are three possible explanations for this difference in magnitude. First, high vowels are able to
tolerate a lower degree of nasalization compared to low vowels. This is due to greater oral impedance, which
raises air pressure in the nasal cavity and increases the perceptual effects of oral/nasal coupling (House and
Stevens, 1956). Thus, a smaller degree of oropharyngeal modulation is needed for acoustic changes, compared
to the low vowel. In fact, a comparison of the VP ROI across vowel categories reveals higher amounts of VP
opening for /a/ compared to /i/ and /u/ (see Section 6.2.5 for VP ROI results). This is arguably because
of physiological factors related to oral impedance—a relatively open oral tract for /a/ allows room for a
lower velum, compared to the more closed tract for /u/ and /i/. This is in line with analyses that suggest
that low vowels are more tolerant of velopharyngeal opening (Hajek and Maeda, 2000; Maeda, 1993; Ohala,
1974). The palatoglossus muscle, which is partially responsible for velar depression, could also contribute to
a larger amount of velopharyngeal opening for the low vowel, as the tongue is lowered and therefore pulls the
velum downwards. The combination of a lower amount of VP opening and smaller tongue blade differences
contribute to the less substantial acoustic difference between the high oral/nasal vowel pairs, in comparison
to the low vowel pair.
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Second, the relatively small difference is arguably due to vowel category maintenance. Recall that while
they were not examined during this study, the BP vowel inventory also includes the mid nasal vowels /õ/ and
/ẽ/. If the high nasal vowels displayed higher magnitudes of articulatory differences from their oral congeners,
they could potentially be conflated with the mid nasal vowels. High nasal vowels are perceived as lower due
to velopharyngeal opening (Wright, 1986). This perceptual expectation is mirrored in the F1 results that
emerge for /u/ and for most speakers for /i/. Therefore, maximizing /i∼ı̃/ and /u∼ũ/ distinctions through
enhancement could result in a minimization of the differences between /̃ı∼ẽ/ and /ũ∼õ/, and could create a
potential for phonemic merger in the nasal vowel space. Results on the production of the mid nasal vowels
in BP are limited, though Shosted (2015) shows evidence that /ẽ/ is raised compared to /e/, and /õ/ is
lowered compared to /o/. The results from Shosted (2015) are in line with the results found here—he shows
that the front nasal vowels are both raised and the back nasal vowels are lowered, compared to their oral
counterparts, thus maintaining the five nasal vowels in BP. In this study, many speakers produce /̃ı/ as
raised compared to /i/, and /ũ/ is lowered compared to /u/. Further work focused on BP mid nasal vowels
is needed to determine all of the articulatory mechanisms necessary to achieve a stable distinction between
five nasal vowels.
Finally, the difference in magnitude of enhancement is potentially due to alternative strategies in main-
taining an oral/nasal vowel contrast. Results indicate that /̃ı/ and /ũ/ show nasal coda consonant emergence.
This is evident in the tongue shape results, which show raising of the tongue tip towards the palate for /̃ı/
and raising of the tongue dorsum towards the velum for /ũ/. This is seen to varying degrees—not all speakers
show full closure, or show even amounts of closure for both high vowels—and further substantiates previous
studies that suggest that nasal coda restoration is a sound change in progress in BP (Shosted, 2006, 2011;
Barlaz et al., 2015b). This is further substantiated by the coronal and tongue dorsum results in the multislice
analysis. For /i/, the nasal vowels show a negative slope of OP in the coronal slice ROI, indicating greater
constriction across time. For /u/, a similar downwards slope is seen in the tongue dorsum ROI. The emer-
gence of these coda consonants can further contribute to the phonemic distinction of oral and nasal vowel
congeners, without the use of vowel quality enhancement strategies. While this would result in a biphone-
mic understanding of phonemic nasal vowels in BP, the nasal vowel maintains its own underlying phonemic
status. That is, the underlying form of these vowels is /Ṽ/ rather than /VN/, though the form [ṼN] is
emerging in production of these vowels. This different underlying representation is based on articulatory
and acoustic evidence presented here, which indicates a different oropharnyngeal production of nasal vowels
compared to oral vowels, as described above. Historical and phonetic accounts indicate that this is a case
of nasal coda emergence, or restoration, as this is a reversal of a diachronic process that deleted nasal coda
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consonants (see Section 2.1.1). Furthermore, the variability in frequency and degree of constriction gives
further evidence that these nasal codas are emerging, rather than being a part of the phonetic representation
of these sounds all along.
These nasal coda consonants are emerging for high vowels and mid vowels, but not for /ã/. This
observation is also reported in Shosted (2006, 2011) and Barlaz et al. (2015b), and includes constrictions
indicative of nasal coda emergence for the mid vowels /õ/ and /ẽ/. The inherent open quality of the low
vowel restricts the ability of a narrow constriction to be made for a coda consonant without substantial sound
change, such as raising or diphthongization of the central low vowel1. A maximal difference between the oral
and nasal vowel oropharyngeal articulation is especially important for enhancing the distinction between
/a/ and /ã/. Therefore, the distinction between /a/ and /ã/ is based on enhancements of differences in
vowel quality. On the other hand, the use of coda consonant emergence for non-low vowels is a strategy
used to maintain the oral/nasal vowel distinction without vowel quality enhancement strategies becoming
the impetus for sound change. Nasal coda restoration is seen for mid vowels in Quebecois French (Carignan,
2013), and is argued to maintain an oral/nasal distinction in a similar manner as BP.
Therefore, when comparing [±nasal] segments to determine whether or not a phonological contrast
exists, the entire articulatory profile across time must be taken into account. Following the description of
phonological nasalization as a durational target in Cohn (1990), the feature [+nasal] includes oral/nasal
coupling as a durational characteristic. Given recent work—including this study—indicating the importance
of oropharyngeal articulation in the production of [+nasal] vowels, nasal vowels likely include oral and
pharyngeal targets, as well as oral/nasal coupling, as part of the featural specification [+nasal]. This
oropharyngeal target is necessary to maintain the distinction between [±nasal] segments.
It is important to note that two nasal vowels were included in this study—word-medial and word-final
nasal vowels. While variation between the two nasal vowels was apparent in the data, their articulatory
configurations were generally similar to one another. They are crucially quite similar to one another in their
VP opening, as evidenced by the VP ROI analysis. This indicates that these two vowels are produced with
comparable oral/nasal coupling, which is central to the production of nasal vowels. Their oropharyngeal
articulations are also largely similar to one another, as are their acoustic characteristics. Furthermore, there
was no systematicity to the variation when it did occur. The production of the two nasal vowels is different
from that of the oral vowel, as discussed above. Thus, the word-medial nasal vowel, such as the /ũ/ in abunda
and the word-final nasal vowel, such as the /ũ/in bebum both belong to the class of [+nasal] vowels. It
is therefore insufficient to argue that these two vowels are distinct based on relative proximity to a nasal
1Note that this sound change that would facilitate the ease of nasal coda consonant emergence is different than the modu-
lations made between oral and nasal vowel pairs.
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segment. This indicates that while these vowels differed in position and have different relationships to the
oral vowel based on syllable structure, they are both /Ṽ/.
Furthermore, while some analyses indicated statistically significant differences between male and female
speakers, there were not consistent differences between these two groups in terms of their articulatory or
acoustic results. Variation in the midsagittal and multislice analyses was speaker-specific, and cannot be
attributed solely to gender differences. I therefore argue that the statistical differences between male and
female speakers is likely due to anatomical differences, rather than differences in the articulatory mech-
anisms being used to produce the oral/nasal vowel distinction. For example, male speakers have longer
pharynxes than female speakers (Fant, 1966, 1975; Nordstrom, 1977; Simpson, 2009), which contributes to
nonuniform differences between vowel categories for male and female speakers. This difference is mirrored in
generally wider pharyngeal areas for male speakers in the midsagittal study. However, within-vowel category
comparisons by nasality condition show similar patterns for male and female speakers alike.
8.3 The Role of Phonetic Nasalization
The phonological distinction between oral and nasal vowels can be further substantiated when a comparison
with phonetic nasalization is made. Recall that the debate regarding the status of nasal vowels in BP focuses
on whether they are underlyingly /VN/ or /Ṽ/ in nature. If nasal vowels were underlyingly /VN/, with
a tautosyllabic nasal segment, they would presumably share their oropharyngeal characteristics with oral
vowels, in at least the first half of their durations. In addition, they would show articulatory similarities
with phonetically nasalized vowels, which are by definition /VN/ sequences, though the vowel and adjacent
nasal segment are heterosyllabic in nature. (This reasoning is given in analyses that assume an underlying
/VN/ structure to nasal vowels (Câmara, 1970, 1977; Desmeules-Trudel, 2015). As discussed in Section 8.2,
nasal and oral vowels maintain different oropharyngeal articulations, giving evidence that nasal vowels are
underlyingly /Ṽ/.
Based on a distinctive feature representation, phonemic nasalization is represented with the feature
[+nasal], whereas a phonetically nasalized vowel is [–nasal], as it is inherently an oral vowel that is fol-
lowed by a nasal segment. The featural difference between these two vowels is mirrored in the articulation,
specifically at the velopharyngeal port, where oral/nasal coupling occurs. Nasal vowels demonstrate higher
OP compared to nasalized vowels for all vowel categories (see Section 6.2.5). Furthermore, temporal differ-
ences emerged between the two categories—phonemic nasal vowels tended to show higher OP values for the
velopharyngeal opening across the entirety of the vowel’s duration. Phonetically nasalized vowels, on the
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other hand, display a generally lower OP compared to the nasal vowels. The OP has a positive slope for
most speakers, indicating that velopharyngeal opening gradually increases across time for the phonetically
nasalized vowels. The difference in degree and timing of oral/nasal coupling gives evidence that [–nasal]
and [+nasal] are realized differently in their phonetic implementation. Results regarding the systematic
phonetic differences (aside from velopharyngeal opening) between these two classes of [–nasal] vowels are
discussed below.
According to Cohn (1990) and Huffman (1993), the difference between the feature [+nasal] and [–
nasal] is the temporal aspects of the phonetic target, specifically oral/nasal coupling. Sounds specified
as [+nasal] show a longer, constant temporal target, being relatively steady coupling throughout their
duration. According to these analyses, the differing phonetic target in the phonetically nasalized vowels from
the [+nasal] vowel implies that the phonetically nasalized vowels are underspecified in the feature [nasal],
rather than being specified as [–nasal]. Cohn (1990) claims that the short phonetic target in phonetic
nasalization is due to a [–nasal] deletion rule, which causes [–nasal] to become [∅nasal]. This resulting
underspecification allows for the phonetic implementation of oral/nasal coupling during the phonetically
nasalized vowels, though the target of oral/nasal coupling is not as long as that of the [+nasal] vowels.
It is important to note that in Cohn (1990) and Huffman (1993), the feature [nasal] is realized as
velopharyngeal opening, based on traditional analyses of nasalization, as well as phonetic analyses of airflow
data. As described in Section 8.2, the oropharyngeal characteristics of sounds specified as [+nasal] appear
to be systematically determined, and should be considered part of the phonetic target of [+nasal] vowels.
Therefore, the oropharyngeal characteristics of sounds that are underlyingly [–nasal] must be discussed, as
well. Three patterns emerged, based on vowel category.
In regards to the vowel category /a/, the phonetically nasalized /a/ shows intermediate articulatory
patterns between the oral and nasal vowels, though for the majority of speakers (ten of thirteen), its con-
figuration more closely resembles the nasal vowel. For the remaining three speakers, the nasalized vowel
is more similar to the oral vowels, but still in between the oral and nasal vowels. Because of the vast dif-
ference in oral configuration between the oral and nasal low vowels, there is more room for modulation of
the oropharyngeal characteristics of the nasalized /a/. Furthermore, it is possible that the higher tongue
blade position for /ã/ exerts some influence on the production of the nasalized vowel. The results for the
articulatory settings are largely mirrored in the acoustic results—F1 of the nasalized vowel is higher than
that of the nasal vowels, but not as high as that of the oral vowel.
In regards to the vowel category /i/, ten speakers produce the nasalized vowel similarly to the oral vowel,
while the remaining three produce the nasalized vowel similarly to the nasal vowel. For the speakers who
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produce the oral vowel with a lower tongue position compared to the nasal vowels, three of the speakers
(BP06, BP14, BP17) produce lower tongue blade positions for the nasalized /i/ compared to the oral vowel
suggesting a compensatory articulation against the tongue blade raising seen in the nasal vowels. For
the other speakers, who produce the nasal vowel with vowel quality enhancement strategies, the nasalized
vowel is produced similarly to the oral vowel. In cases where the articulator is in an intermediate position
between the configuration of the oral and nasal vowels, it is generally closer to that of the oral vowel. For
the acoustic data, eleven of twelve speakers produced nasalized /i/ with F1 similar to that of the oral
vowel. These speakers show largely overlapping F1 contours for the oral and nasalized vowels, though three
speakers produce the nasalized vowel with an intermediate F1, between the oral and nasal vowels. Ten
speakers produce nasalized /i/ with a similar F2 to the oral /i/. The F2 contours of the oral and nasalized
vowel largely overlap for these speakers.
In regards to the vowel category /u/, the nasalized vowel tended to show articulatory patterns similar
to those of nasal vowels. Nine of eleven speakers produce the nasalized /u/ similarly to the nasal vowel,
based on the midsagittal results for tongue blade and hyperpharyngeal regions. Results of the multislice
analysis mirror this pattern in the two pharyngeal ROIs. The tongue dorsum ROI shows similar results
to the nasal vowel for six speakers, and similar results to the oral vowel for seven speakers. The result for
/u/ is likely due to spatial limitations in the oral cavity—velum lowering, even relatively small amounts,
results in a “crowded” posterior region of the oral cavity, which may push the tongue forward to avoid
epiphenomenal contact with the velum. This causes the tongue to move into the region where the nasal
/ũ/ is positioned. (For the front vowel /i/, there is more room for the tongue to maintain its position, even
with the coarticulatory effects of phonetic nasalization.) However, though the nasalized vowel shows more
similar articulations to the nasal vowel than the oral vowel, the differences between the oral and nasalized
vowels are of a much smaller magnitude than those for /a/. Acoustic results show that F1 of nasalized
vowels patterns similarly to the nasal vowels for only four of the twelve speakers, and patterns similarly to
the oral vowels for the remaining eight speakers. F2 shows patterns similar to the oral vowels for ten of
twelve speakers. Therefore, while the articulatory results are similar to the nasal vowels for many articulators,
these oropharyngeal effects that mirror enhancement strategies are not robust enough to manifest in acoustic
differences.
The difference in articulation of nasal and phonetically nasalized vowels is further evidence that nasal
vowels in BP have achieved phonemic status. This is because they do not follow the same articulatory
patterns as nasalized vowels, which are inherently /VN/ sequences. While phonetically nasalized /a/ and
/u/ show patterns similar to those of the nasal vowels, they are not totally merged with nasal vowels in
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their configuration. Furthermore, while the overarching pattern for the phonetically nasalized /a/ and /u/
is more similar to the nasal vowels, in many cases they are in intermediate positions, and some articulators
show similar patterns to the oral vowels. The acoustic output from these vowels also do not totally mirror
the acoustics of the nasal vowels. For /a/, the formant values are largely in an intermediate position between
those of the oral and nasal vowels, especially for F1. Results for F2 are less consistent, showing a considerable
amount of individual variation. For /i/ and /u/, the acoustic patterns more closely follow those of the oral
vowel, which is indicative of categorical stability for [–nasal] segments.
The variation between oral and nasalized vowels in their production can be attributed to the [–nasal]
deletion rule, in which [–nasal] becomes [∅nasal]. In addition to allowing the realization of a short target
of oral/nasal coupling, the nasalized vowels can also reach an oropharyngeal state closer to that of the
nasal vowels due to underspecification, without reaching that state for the same magnitude and duration
as the nasal vowels. This also can account for the lack of expected compensatory articulation—because the
nasalized vowel becomes [∅nasal], the articulatory configuration is more variable than if they were adhering
to a [–nasal] articulatory configuration.
8.4 The Many-to-One Problem and Dispersion Theory, Revisited
The results of this study further show that nasal vowels are examples of the “many-to-one” problem of
phonetics, where various articulators are able to produce a single acoustic event (Hogden et al., 1996;
Hughes and Abbs, 1976; Maeda, 1990). Section 8.2 highlights the various articulators that produce acoustic
modulations similar to those of nasalization. While there are many possible combinations of articulators
that can contribute to acoustic modulation besides oral/nasal coupling, the articulators that account for the
most variance in the data are the tongue blade and hyperpharyngeal regions. Modulations in these regions
account for many of the observed changes in the F1 and F2 dimensions. It is important to note that while
these are the most robust findings, articulators associated with lower amounts of variance varied by speaker,
and the individual use of these articulators also showed variability in their configurations. Thus, while there
are many articulators that can create particular acoustic perturbations, not all are used to the same extent
throughout the speaker population of this study, or in the same manner.
The results of this study give support to the Dispersion Theory of contrast, which aims to maximize
number and distinctiveness of contrasts, while minimizing articulatory effort (Flemming, 1996, 2004). In
regards to phonemic nasalization, oropharyngeal configurations are used, especially for the vowels /ã/ and
/ũ/, to enhance the acoustic effects of nasalization. This results in a maximal distinctiveness of the contrast
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between oral and nasal vowel congeners.
As discussed in Section 8.2, some of the articulatory motions within the vowel’s normalized duration do
not directly enhance the acoustic effects of nasalization, especially for the vowel category /̃ı/. The use of nasal
codas for /̃ı/ and /ũ/ (as well as for the mid vowels /õ/ and /ẽ/ (Barlaz et al., 2015b; Shosted, 2006, 2011))
are argued to be articulatory strategies to maximize distinctiveness of oral and nasal vowel pairs without
losing the distinctiveness between the nasal high and mid vowels. Furthermore, nasal coda emergence is
argued to be a strategy to maintain the distinction between [+nasal] and [–nasal] sounds. Nasalized
[–nasal] vowels show some deviance from the oropharyngeal articulations of non-nasalized [–nasal] vowels
(arguably to decrease articulatory effort). The emergence of nasal codas in [+nasal] vowels maintains the
distinction between nasal and nasalized vowels, thus maintaining category stability and minimizing the risk
of sound change. This allows the nasal/nasalized distinction to be maintained, especially in the absence of
compensatory articulations for the phonetically nasalized vowels. The use of numerous articulatory strategies
is especially important in languages with a complex vowel inventory, and has been shown for other languages
such as Hindi (Shosted et al., 2012), which maintains ten oral/nasal vowel pairs.
It is important to note that the nasal coda consonants are only emerging for the high vowels, but no coda
emerges for the low vowel /ã/. In order to maximize the distinctiveness of /a∼ã/, considerable articulatory
modulation throughout the vocal tract is necessary, and has been shown throughout this study. While the
nasalized vowel is not produced with the same oropharyngeal articulation as the nasal vowel, its configuration
is indeed more similar to the nasal vowel than the oral vowel. This is seen across speakers, whereas results
for the nasalized high vowels showed considerably more inter-speaker variation. While this is likely due to
the wider amount of variation allowed in this region compared to the more crowded high vowels, further
work focused on perception is needed to determine if these articulatory tendencies are leading to a sound
change.
This study gives strong evidence to the claim that the goal of speech acts is acoustic in nature. I have
shown that speakers use multiple parts of the vocal tract, both in the oropharyngeal tract and oral/nasal
coupling, in order to achieve a single acoustic output. Furthermore, speakers show some variation in the
articulators that they are using to produce these outputs, as discussed in Chapter 5. If listeners indeed
reconstruct information regarding the position of speech articulators via the acoustic signal (Liberman and
Mattingly, 1985), a minimal amount of articulatory variation would be allowed without considerable effects
on a language’s phonemic inventory. However, if the acoustic information of the speech signal is being
processed by a speaker, considerable articulatory variation would be allowed (Kingston, 1991a,b), so long as
it does not result in significant acoustic variation. The articulatory and acoustic differences between the low
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oral and nasal vowels give evidence that these two vowels are not closely related, except because of history
and orthography. The nasalized /a/ does not show clear a phonetic connection to either of these categories,
which is indicative of a possible sound change in progress. Categorical shift towards either the oral or nasal
vowel will indicate whether or not this sound change becomes phonologized.
Oral/nasal vowel congeners manifest a variety of combinations of articulatory configurations, by speaker
and even by vowel category. Though there are multiple articulatory configurations seen in the articulatory
data, there is considerably less acoustic variation in the data, evidenced by small distinctions in the acoustic
output, and more consistent patterns in the acoustic results across speakers. It is reasonable to assume,
based on the phonemic distinction between oral and nasal vowels, that the relatively small degree of acoustic
variation manifests in minimal perceptual variability between oral and nasal vowel pairs. With regard to
the nasalized and oral vowel pairs, there is variation in the articulatory differences, as well as some acoustic
differences between the [–nasal] vowels. As this is not a phonemic distinction, further work regarding
the perceptual effects of phonetic nasalization will shed light on the relationship between acoustic and
articulatory variability in coarticulation.
8.5 Reconciling Drawbacks of rt-MRI Research
As mentioned in Section 2.3, there are two major drawbacks to conducting speech research using rt-MRI.
First, speakers are lying in a supine position in the scanner, rather than standing or sitting upright, which
is the conventional position for speaking. Second, the scanner produces high-amplitude noise within the
frequency range of speech, making it difficult to make direct comparisons between the articulatory data and
the acoustic output. I discuss these issues below.
8.5.1 Position Effects
Results in Section 7.3.2 indicate a minimal difference between the formant trajectories of the oral vowels
between supine and upright positions. In regards to F1, the majority of speakers show no significant difference
between supine and upright positions. Those who do show a distinction produce the vowel in supine position
with a slightly higher F1, compared to upright position. Assuming this distinction in F1 is due to tongue
height modulation, this would indicate that the tongue is slightly lower in supine position compared to
upright position. The differences seen are relatively small—the largest difference in F1 is ∼50 Hz, for
/u/ produced by BP21, and most speakers that do produce a significant difference show a much smaller
difference between the two positions. This difference between position is within the range of differences
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between nasality conditions for all vowel categories. For speaker BP21 in particular, who shows the largest
F1 difference, a difference of upwards of 100 Hz is seen for /u∼ũ/, indicating that the position effects are
not robust enough to invalidate the acoustic differences based on nasality.
In regards to F2, there is a more substantial difference between the two positions across vowel categories.
For the vowel category /a/, six speakers produce /a/ with a higher F2 in the upright position, five speakers
produce a higher F2 in the supine position, and one speaker does not produce a significant difference. It is
possible that gravity is having an effect on tongue position for the seven speakers who display a higher F2 for
the upright position. In this case, the effect of gravity on the tongue pulls it further back in the oral cavity
when the speaker is lying down, thus lowering F2 slightly. Given the acoustic variation that is associated
with F2 of /a/ (presumably due to it being the only low vowel, therefore allowing more flexibility in tongue
fronting), it is difficult to disambiguate the effects of gravity due to positional differences from the effects of
articulatory modulation. For most speakers, this difference is not more than 100 Hz, and is generally less
than that. This is well within the range of differences in F2 seen based on nasality category.
In regards to the vowel category /i/, six speakers produce the vowel in upright position with a higher
F2, two speakers produce the vowel in supine position with a higher F2, and four speakers do not produce
a significant difference between the two positions. This indicates that there is a potential effect of gravity
on tongue position, as gravity would pull the tongue further back in the oral cavity for /i/, thus lowering
F2 in supine position (as seen for six speakers). For speakers BP20 and BP21, the difference in F2 is quite
substantial, and reaches 1000 Hz. However, for the majority of speakers, this difference is much smaller in
magnitude (around 100 Hz).
In regards to the vowel category /u/, the results are evenly split—four speakers produce the vowel in
upright position with a higher F2, four speakers produce the vowel in supine position with a higher F2,
and four speakers do not produce a significant difference between the two positions. The potential effects of
gravity on the tongue are less robust in this case, as the tongue position is already in the posterior region
of the oral cavity for /u/. Differences between the upright and supine positions are relatively small for all
speakers except for BP18, who shows a difference of up to 400 Hz.
These acoustic differences based on position indicate that there is a potential effect of gravity on the
position of articulators. Section 7.1 discusses the overall vowel spaces for the supine and upright positions
for all nasality conditions. The relative shape of the vowel space is preserved between the two position
conditions, as is the relationship between the different nasality conditions. Thus, while there are potentially
significant differences between the two positions, the vowel space is still preserved, as discussed in Vorperian
et al. (2015). I conclude that potential effects of gravity on articulators are not substantial enough to
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invalidate the results of rt-MRI experiments focused on speech, though comparisons should routinely be
made between supine and upright acoustics to monitor, if not reconcile, these potential effects.
8.5.2 Acoustic Denoising
Results in Section 7.4 indicate that algorithms recently developed for processing speech in rt-MRI acoustic
signals are reasonably successful at improving the signal-to-noise ratio in the noisy recordings. Two methods,
described in Section 2.3, were compared to the clean acoustic recordings. Results indicate that these two
methods are particularly successful in the lower frequency range. In regards to the vowel category /a/, both
the DL/WP and CS/SNG methods showed F1 patterns similar to that of the clean acoustics—F1 of the oral
vowel is much higher than those of the nasal vowels, and the nasalized vowel displays an intermediate F1.
For F2, the DL/WP method showed a pattern more similar to that of the clean acoustics—the oral vowel
manifests slightly lower F1 than the nasal vowels, with the nasalized vowel in the intermediate position. The
CS/SNG method, on the other hand, shows the opposite pattern—the oral and nasalized vowels’ F2 values
are much higher than that of the nasal vowels.
In regards to the vowel category /i/, the DL/WP and CS/SNG methods both show a similar pattern—
oral vowels show a lower F1 than nasal vowels, with nasalized vowels showing a slightly higher F1 than
the oral vowels. This is similar to the general pattern seen in the clean acoustics. For F2, results diverge
from the acoustic results found in the clean recordings. The F1 of the oral vowel is higher than the nasal
vowels, and the nasalized vowel is similar to the oral vowel. For the DL/WP and CS/SNG methods, the
male speakers’ data shows the opposite pattern—the oral vowel displays lower F2 than the nasal vowels,
though the nasalized vowel is indeed similar to the oral vowel. For the female speakers, the oral vowel is
higher than the nasal vowels for the DL/WP method, though the results for the nasalized vowel is not as
expected. For the CS/SNG method, all nasality conditions show similar F2 values except for the nasalized
vowel.
In regards to the vowel category /u/, the DL/WP and CS/SNG methods both show a similar pattern—
oral vowels show a lower F1 than nasal vowels, with nasalized vowels showing a higher F1 than the oral
vowels. This is similar to the general pattern seen in the clean acoustics. For F2, the results of the clean
acoustics show the oral and nasalized vowel having a lower F2 than the nasal vowels. This pattern is mirrored
in the results for the DL/WP method, though not for the CS/SNG method.
These results suggest that both the DL/WP and CS/SNG methods are able to adequately differentiate
vowels based on nasality condition, using the F1 dimension. The effect of nasality on F1 is well-established,
and there are robust distinctions in the articulatory results of this study that are more indicative of F1
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change across vowel categories (compared to F2). Therefore, the results of the acoustic denoising analysis
are substantial, at least on the F1 dimension. For F2, results are less consistent with the results of the clean
audio. The DL/WP method is more effective in being able to disambiguate nasality conditions in a manner
similar to the clean acoustics. This indicates that the DL/WP method is overall more effective in increasing
the signal-to-noise ratio in rt-MRI acoustics, in order to detect subtle distinctions in the acoustics such as
the formant-based effects of nasalization.
In regards to future work on speech using rt-MRI, these methods show promise in being able to reconcile
any articulatory distinctions with their acoustic outputs, especially in the lower frequencies of the speech
signal. While not perfect, the DL/WP method is generally better for higher frequency acoustic analysis. As
signal processing methods continue to improve, it is becoming easier to conduct speech research that considers
the direct relationship between acoustics and articulation. Comparisons should continue to be made between
clean and denoised acoustics until signal processing methods are proven to sufficiently improve the signal-
to-noise ratio across multiple experiments. With these comparisons in mind, it is still possible to utilize the
acoustic signal recorded in the rt-MRI scanner to make direct connections, thus allowing researchers to get
closer to solving the many-to-one problem of phonetics. Thus, I conclude that the two drawbacks of rt-MRI
speech research are easily reconciled with auxiliary comparisons, and that rt-MRI is ultimately a powerful




This dissertation provides a holistic study of nasalization, including articulatory and acoustic data from 13
speakers of BP from southeast Brazil. Analyses of the articulatory configurations include data collected in
a single-slice midsagittal orientation, and four simultaneously-acquired slices in coronal, oblique and axial
orientations, at critical positions in the vocal tract. Articulatory data was collected using a 3 T Siemens Trio
MRI scanner at the Beckman Institute at the University of Illinois at Urbana-Champaign. Acoustic data was
collected in a simultaneous recording during MR scans, and in a separate recording in a noise-attenuating
booth. Acoustic analyses includes time-dynamic analyses of the clean audio, as well as comparisons with
denoising methods specifically developed for rt-MRI speech research. Comparisons were made between
phonemic oral and nasal vowel congeners, as well as phonetically nasalized vowels, for the vowel categories
/a/, /i/, and /u/.
Nasalization is characterized by the coupling of the oral and nasal cavities. The effects of this coupling
significantly alter the acoustic spectrum of nasal vowels. Recent work indicates that these acoustic changes
are also achieved and enhanced by articulatory modulations in the oral and pharyngeal cavities, in order
to enhance the distinction of phonemic nasal and oral vowel congeners. Recent work also indicates that
oropharyngeal modulations are important for maintaining categorical stability when nasality is the result of
a phonetic process, rather than a phonemic distinction.
Findings from this dissertation include articulatory differences in the oropharyngeal cavity between oral
and nasal vowel congeners. The most robust set of results includes tongue position and pharyngeal aper-
ture. This is especially apparent for the vowel category /a/, and exists to a lesser extent for /i/ and /u/.
Enhancement of the acoustic effects of nasalization on vowel quality are seen in the oropharyngeal articu-
lations of these vowels, especially for /a/. These strategies are also seen for /u/, though to a lesser extent.
Two patterns emerged for /i/—one in which enhancement of the acoustic effects of nasalization on vowel
quality occur, and one in which the opposite pattern occurs. The articulatory distinctions between these
vowels are mirrored in the acoustic signals recorded from the same speakers. Modulations of the first two
formants, especially F1, are seen. These largely correlate with the expected effects of nasal coupling, as
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well as oropharyngeal modulations. In addition to articulatory distinctions made throughout the vowels’
durations, high nasal vowels in BP are undergoing nasal coda emergence, which is argued to be a strategy
to further enhance the oral/nasal vowel distinction.
Findings from this dissertation also include articulatory distinctions between phonemic and phonetically
nasalized vowels. Nasalized vowels are not produced with the same degree of oropharyngeal difference vis-
á-vis the articulatory configuration of the oral vowels, compared to the nasal vowels. Nasalized vowels
also do not manifest nasal coda emergence, indicating that multiple articulatory strategies are important
in maintaining the nasal/nasalized distinction. The comparison of nasal and nasalized vowels shows that
there is variability when describing a segment as “nasal,” depending on whether a phonological or phonetic
difference is being discussed. Certain articulatory strategies are used in order to distinguish [+nasal]
phonemes from [–nasal] (i.e., oral and nasalized) phonemes. The variability between nasalized and oral
vowels is argued to occur due to featural underspecification of the phonetically nasalized vowels.
Findings from this study show the importance of oropharyngeal articulations in the distinction of oral and
nasal vowels, and provide direct articulatory evidence that nasal and oral vowels differ in ways physiologically
unrelated to oral/nasal coupling. These results mirror previous studies of BP and French, indicating potential
similarities across Romance languages. These findings lend further evidence to the idea that the goal of speech
communication is acoustic, rather than articulatory (Ohala, 1996), as multiple articulatory cues are being
integrated into a signal to produce a distinct phonological unit.
The findings presented in this dissertation were possible because of recently-developed techniques in rt-
MRI data acquisition and analysis that allow researchers to see and resolve the movements of articulators
with the necessary spatiotemporal resolution. The results of this study further exemplify the complexities
of the many-to-one problem of phonetics and outline a way to deal with it using high-dimensional imaging




Abbs, J. H. and Gracco, V. L. (1984). Control of complex motor gestures: Orofacial muscle responses to
load perturbations of lip during speech. Journal of Neurophysiology, 51(4):705–723.
Almeida, A. (1976). The Portuguese nasal vowels: Phonetics and phonemics. In Readings in Portuguese
Linguistics, pages 11–28. Amsterdam: North Holland.
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Cadernos de estudos linguisticos, 25:113–127.
Davidson, L. (2006). Comparing tongue shapes from ultrasound imaging using smoothing spline analysis of
variance. The Journal of the Acoustical Society of America, 120(1):407–415.
Davies, M. (2016). Corpus do Português: One billion words, 4 countries.
http://www.corpusdoportugues.org/web-dial/.
De Jong, K. (1995). On the status of redundant features: the case of backing and rounding in american
english. B. Connell & A. Arvaniti (eds.), pages 68–86.
de Medeiros, B. R. (2011). Nasal coda and vowel nasality in Brazilian Portuguese. In Selected Proceedings
of the 5th Conference on Laboratory Approaches to Romance Phonology.
de Moraes, J. A. (1997). Vowel Nasalization in Brazilian Portuguese: an Articulatory Investigation. In
Proceedings of the 5th European Conference on Speech Communication and Technology.
Delattre, P. (1954). Les attributs acoustiques de la na-salité vocalique et consonantique. Studia linguistica,
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Studies, 19:25–59.
304
Delvaux, V., Metens, T., and Soquet, A. (2002). French nasal vowels: acoustic and articulatory properties.
In Proceedings of Interspeech, Denver, Colorado.
Desmeules-Trudel, F. (2015). The aerodynamics of vowel nasality and nasalization in Brazilian Portuguese.
In Proceedings of the 18th Meeting of the International Congress of the Phonetic Sciences.
Diehl, R. L., Kluender, K. R., Walsh, M. A., and Parker, E. M. (1991). Auditory enhancement in speech
perception and phonology. Cognition and the symbolic processes: Applied and ecological perspectives, pages
59–76.
Dietsch, A. M., Cirstea, C. M., Searl, J. P., et al. (2013). Effects of body position and sex group on tongue
pressure generation. International Journal of Orofacial Myology, 39.
Dryer, M. S. and Haspelmath, M., editors (2013). WALS Online. Max Planck Institute for Evolutionary
Anthropology, Leipzig.
Engwall, O. (2003). Combining MRI, EMA and EPG measurements in a three-dimensional tongue model.
Speech Communication, 41(2–3):303 – 329.
Engwall, O. and Badin, P. (2000). An MRI study of Swedish fricatives: Coarticulatory effects. In Proceedings
of the 5th Seminar on Speech Production: Models and Data, pages 297–300.
Engwall, O., Delvaux, V., and Metens, T. (2006). Interspeaker variation in the articulation of nasal vowels.
Proceedings of the 7th ISSP, pages 3–10.
Fagan, D. S. (1988). Notes on diachronic nasalization in Portuguese. Diachronica, 5(1-2):141–157.
Fant, G. (1960). Acoustic Theory of Speech Production. Mouton, The Hague.
Fant, G. (1966). A note on vocal tract size factors and non-uniform f-pattern scalings. Speech Transmission
Laboratory Quarterly Progress and Status Report, 1:22–30.
Fant, G. (1975). Non-uniform vowel normalization. STL-QPSR, 16(2-3):1–19.
Feng, G. and Castelli, E. (1996). Some acoustic features of nasal and nasalized vowels: A target for vowel
nasalization. The Journal of the Acoustical Society of America, 99(6):3694–3706.
Flemming, E. (1996). Evidence for constraints on contrast: The dispersion theory of contrast. UCLA
Working Papers in Phonology, 1:86–106.
Flemming, E. (2004). Contrast and perceptual distinctiveness. In Hayes, B., Kirchner, R., and Steriade, D.,
editors, Phonetically-based Phonology, pages 232–276. Cambridge University Press: Cambridge.
Fonseca, O. (1984). Vogais nasais do português: pressupostos e discussão. ALFA: Revista de Lingúıstica.
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PhD thesis, Paris 3.
Mousikou, P. and Rastle, K. (2015). Lexical frequency effects on articulation: a comparison of picture
naming and reading aloud. Frontiers in psychology, 6.
Narang, G. C. and Becker, D. A. (1971). Aspiration and nasalization in the generative phonology of Hindi-
Urdu. Language, 47(3):646–667.
Narayanan, S., Toutios, A., Ramanarayanan, V., Lammert, A., Kim, J., Lee, S., Nayak, K., Kim, Y.-
C., Zhu, Y., Goldstein, L., et al. (2014). Real-time magnetic resonance imaging and electromagnetic
articulography database for speech production research (TC). The Journal of the Acoustical Society of
America, 136(3):1307–1311.
Navarro, E. d. A. (2007). Dicionário Tupi Antigo: A ĺıgua ind́ıgena clássica do Brasil. Global Editora: São
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Pamplona, M. C., Ysunza, A., González, M., Ramırez, E., and Patiño, C. (2000). Linguistic development
in cleft palate patients with and without compensatory articulation disorder. International journal of
pediatric otorhinolaryngology, 54(2):81–91.
Pan, H.-h. (2004). Nasality in taiwanese. Language and speech, 47(3):267–296.
Paradis, C. and Prunet, J.-F. (2000). Nasal vowels as two segments: evidence from borrowings. Language,
pages 324–357.
Parkinson, S. (1983). Portuguese nasal vowels as phonological diphthongs. Lingua, 61:157–177.
Perkell, J., Matthies, M., Lane, H., Guenther, F., Wilhelms-Tricarico, R., Wozniak, J., and Guiod, P. (1997).
Speech motor control: Acoustic goals, saturation effects, auditory feedback and internal models. Speech
Communication, 22(2):227 – 250.
Porter, D. (2015). Progressive Vowel Nasalization in Brazilian Portuguese: a Preliminary Analysis. Spanish
and Portuguese Review, 1.
Proctor, M. I., Goldstein, L., Lammert, A. C., Byrd, D., Toutios, A., Narayanan, S., et al. (2013). Velic
coordination in French nasals: A real-time magnetic resonance imaging study. In INTERSPEECH, pages
577–581.
Pruthi, T. (2007). Analysis, vocal-tract modeling, and automatic detection of vowel nasalization. PhD thesis,
University of Maryland.
Pruthi, T. and Espy-Wilson, C. Y. (2007). Acoustic parameters for the automatic detection of vowel nasal-
ization. In Proceedings of Interspeech, Antwerp, Belgium, pages 1925–1928. Citeseer.
Pruthi, T., Espy-Wilson, C. Y., and Story, B. H. (2007). Simulation and analysis of nasalized vowels based
on magnetic resonance imaging data. The Journal of the Acoustical Society of America, 121(6):3858–3873.
R Core Team (2016). R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing, Vienna, Austria.
Ramanarayanan, V., Goldstein, L., Byrd, D., and Narayanan, S. S. (2013a). An investigation of articulatory
setting using real-time magnetic resonance imaging. The Journal of the Acoustical Society of America,
134(1):510–519.
Ramanarayanan, V., Goldstein, L., and Narayanan, S. S. (2013b). Spatio-temporal articulatory movement
primitives during speech production: Extraction, interpretation, and validation. The Journal of the
Acoustical Society of America, 134(2):1378–1394.
Ramanarayanan, V., Lammert, A., Goldstein, L., and Narayanan, S. (2014). Are articulatory settings
mechanically advantageous for speech motor control? PloS one, 9(8):e104168.
Reider, M. E. (1981). Topics in Brazilian Portuguese phonology. PhD thesis, University of Iowa.
Rochet, A. B. P., Rochet, B. L., Sovis, E. A., and Mielke, D. L. (1996). Nasalance in speakers of western
Canadian English and French. Canadian Acoustics, 24(3):24–24.
310
Rodrigues, A. D. (2014). On the influence of indigenous languages on Brazilian Portuguese. DELTA, 30:443
– 446.
Rong, P. and Kuehn, D. (2012). The effect of articulatory adjustment on reducing hypernasality. Journal
of Speech, Language, and Hearing Research, 55(5):1438–1448.
Rong, P. and Kuehn, D. P. (2010). The effect of oral articulation on the acoustic characteristics of nasalized
vowels. Journal of the Acoustical Society of America, 127(4):2543–2553.
Rong, P., Kuehn, D. P., and Shosted, R. K. (2016). Modeling of oropharyngeal articulatory adaptation to
compensate for the acoustic effects of nasalization. The Journal of the Acoustical Society of America,
140(3):2145–2161.
Sampson, R. (1999). Nasal Vowel Evolution in Romance. Oxford University Press: New York.
Seaver, E. J., Dalston, R. M., Leeper, H. A., and Adams, L. E. (1991). A study of nasometric values for
normal nasal resonance. Journal of Speech, Language, and Hearing Research, 34(4):715–721.
Serrurier, A. and Badin, P. (2008). A three-dimensional articulatory model of the velum and nasopharyngeal
wall based on MRI and CT data. The Journal of the Acoustical Society of America, 123(4):2335–2355.
Shosted, R. (2003). Nasal coda restoration in Brazilian Portuguese. In Proceedings of the 15th Meeting of
the International Congress of the Phonetic Sciences.
Shosted, R. (2006). Vocalic context as a condition for nasal coda emergence: Aerodynamic evidence. Journal
of the International Phonetic Association, 36(1):39–58.
Shosted, R. (2011). Excrescent nasal codas in Brazilian Portuguese: An electropalatographic study. In Lee,
W.-S. and Zee, E., editors, Proceedings of the 17th International Congress of Phonetic Sciences, pages
1834–1837, Hong Kong. City University of Hong Kong.
Shosted, R. (2015). Nasal vowels are not [+nasal] oral vowels. In Smith, J. and Ihsane, T., editors, Romance
Linguistics 2012: Selected Papers from the 42nd Linguistic Symposium on Romance Languages (LSRL),
pages 63–76. John Benjamins.
Shosted, R., Carignan, C., and Rong, P. (2012). Managing the distinctiveness of phonemic nasal vowels:
articulatory evidence from Hindi. Journal of the Acoustical Society of America, 131(1):455–465.
Shosted, R., Meneses, F., Pozzani, D., Wong, N., Hermes, Z., and Loucks, T. (2015). Articulatory charac-
terization of oral/nasal vowel contrast in Brazilian Portuguese (São Paulo state): Evidence from EMA.
In 5th EICEFALA - International Meeting on Speech Sciences.
Silva, R. V. M. (2001). O português arcaico: fonologia. Contexto.
Simpson, A. P. (2001). Dynamic consequences of differences in male and female vocal tract dimensions. The
journal of the Acoustical society of America, 109(5):2153–2164.
Simpson, A. P. (2009). Phonetic differences between male and female speech. Language and Linguistics
Compass, 3(2):621–640.
Smith, C., Proctor, M. I., Iskarous, K., Goldstein, L., Narayanan, S., et al. (2013). Stable articulatory tasks
and their variable formation: Tamil retroflex consonants. In INTERSPEECH, pages 2006–2009.
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Results for individual speakers for denoised acoustics are found below. Results are organized by method
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Figure A.24: Time-normalized F2 contours for the oral vowel /u/ for the CS/SNG denoising method, for
all female speakers.
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